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A B S T R A C T
M easurem ents o f the  lo n g itu d in a l and transverse d ire c t cu rre n t (d .c.) 
m agnetoresistance o f n -typ e  In P  samples (ca rrie r dens ity  fro m  5 to  8 x
c m “ ^) and the  a lte rn a tin g  cu rre n t (a .c.) c o n d u c tiv ity  o f n -typ e  InS b  samples 
(c a rr ie r dens ity  fro m  6 x lO d^ to  2 x lO d^ cm “ ^) have been m ade a t tem pera tu res  
T  dow n to  0.04 K  and in  m agne tic  fie lds H  up  to  70 kG .
For j f f= 0 ,  the  In P  samples were nonm e ta llic . A t low  tem pera tu res , the 
c o n d u c tiv ity  is due to  nearest ne ighbour hopp in g  (N N H ) w h ich  is fo llow ed by 
variab le  range h opp in g  (V R H ) at low er T  as described by the  f irs t  and second 
te rm s in  the  expression; p [ T )  =  pz{T)^yiY>{e2, / h s T )  - f p o ( î ')  e x p (T o /T )® . In  the 
N N H  regim e, i t  is necessary to  p lo t In  { p / T )  aga inst T ~ ^  and th is  y ie lds values o f 
the  a c tiva tio n  energy 63 m uch la rge r th a n  the  tra d it io n a l In  p versus T~^  p lo ts  
In  the V R H  regim e, M o t t ’s law  [ x = l / A )  is obeyed. Values o f Tq ob ta ined  by 
cons idering  the  te m p e ra tu re  dependence o f the  p re -expon en tia l fa c to r are found 
to  be m uch h ighe r th a n  i f  the  te m p e ra tu re  dependence o f th is  fa c to r is ignored. 
G ood agreem ent between the th e o ry  and expe rim en t is achieved in  b o th  N N H  and 
V R H  regions i f  an enhanced d ie le c tric  constan t is used.
M agnetoresis tance m easurem ents in  b o th  the  N N H  and V R H  regimes 
are analysed using the  theories o f S hk lovsk ii and E fros (1984) and reasonable 
agreem ent is ob ta ined . The a n iso tropy  o f the  m agnetoresistance in  the  N N H  agrees 
closely w ith  the  expected dependence. In  the  V R H , ln (p (7 f) /p (0 ) )  varies as
and as expected fo r h opp in g  w ith  a constan t dens ity  o f states a t the 
F erm i level.
T he  InS b  samples are m e ta llic - lik e  in  zero m agne tic  fie ld . H igh  m agnetic  
fie lds are app lied  to  sh rin k  the  donor w avefunctions (to  induce  the  m e ta l- in su la to r 
tra n s it io n )  and to  loca te  the samples on the  in s u la to r side where the  measurem ents 
are ca rried  o u t. The  d.c. re s is t iv ity  was m easured and a t low  tem pera tu res  was 
o f a V R H  typ e  w ith  1 /4  <  x <  1 /2 , and Tq be ing m agne tic  fie ld  dependent. 
Reasonable agreem ent w ith  the  th e o ry  is found  a t h igh  fie lds.
T he real and im a g in a ry  pa rts  o f the  a.c. c o n d u c tiv ity  were measured in  the 
frequency range o f 110-10^ Hz.
The  rea l p a r t o f c o n d u c tiv ity  a was found  to  vary  as where s is 
approach ing  1 a t low  tem pera tu res  and h igh  fie lds b u t decreasing as T  increases. 
A t the  lowest tem pera tu res  cr was independen t o f T  b u t a t h ighe r T  the 
te m p e ra tu re  dependence is s tronger th a n  the lin e a r dependence p red ic ted  by the 
s im p le  p a ir  a p p ro x im a tio n  theory. D a ta  are in te rp re te d  in  te rm s o f m u ltip le  
h opp in g  o f e lectrons w h ich  becomes im p o r ta n t at h igh  tem pera tu res  a n d /o r  low  
frequencies. The  sca ling fo rm u la ; (t{uj, H , T ) / ( t (0, H  ^ T )  =  f [A c ü /ô - {0 ,H ^ T ) ]  has 
been app lied  to  discuss the  resu lts  fo r the  rea l p a r t o f the  c o n d u c tiv ity , where w 
and (j are no rm a lized  values and /  is a un ive rsa l fu n c tio n  ob ta ine d  by Sum m erhe ld  
(1985). T he  sca ling pa ram e te r - lo g io A  is found  to  be 3.0 ±  0.2.
T he  re la tive  d ie lec tric  constan t, due to  donors, ca lcu la ted  fro m  the 
capac itive  p a r t was found  to  be a decreasing fu n c tio n  as the  frequency is increased 
a n d /o r  the  te m p e ra tu re  is lowered. A t very low  tem pe ra tu res , depending on 
the  m agne tic  fie ld , however, a tem pe ra tu re -in d e p e n d e n t, b u t frequency-dependent 
behav io u r is observed. The  lowest te m p e ra tu re  value o f the  d ie le c tric  constant 
was found  to  d iverge as the  m agne tic  fie ld  is reduced tow ards the  m e ta l- in s u la to r 
th re sh o ld  value.
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C H A P T E R  1 
Introduction
T ra n sp o rt p rope rtie s  o f sem iconducto r m a te ria ls  have been o f considerable 
in te res t over the  las t th ir ty  years fro m  b o th  expe rim en ta l and th e o re tica l po in ts  
o f v iew . The  charge tra n s p o rt m easurem ents in  these systems p rov ide  some 
in fo rm a tio n  abou t the  d iffe ren t types o f conduc tio n  m echanism s.
I f  a pure  c rys ta llin e  sem iconducto r is doped w ith  the a p p ro p ria te  im p u rit ie s , 
one can o b ta in  crys ta ls  in  w h ich  e lec tron ic  energy states can be found  in  the energy 
gap o f the  c rys ta l. Based on the  im p u r ity  co ncen tra tio n , sem iconducting  m a te ria ls  
can be d iv id e d  in to  th ree groups. I f  the  im p u r ity  concen tra tio n , TV, is so sm all 
th a t
N a ÿ  <  1 (1 .1)
where is the  effective B o h r rad ius  o f an im p u r ity  a tom , then  the  sem iconducto r 
is re ferred to  as l i g h t l y  doped. In  th is  case the  average separa tion  between 
im p u r it ie s  m uch exceeds the  cha rac te ris tic  wave fu n c tio n  size, a ^ . I f  TVug ~  1 , a 
sem iconducto r is ca lled m o dera te ly  doped. W h ile  fo r  the  case o f TVug 1, the 
sem iconducto r is described as he a v i l y  doped.
T he  well know n exam ples o f doped sem iconducto rs w h ich  have been 
in tens ive ly  s tud ied  are Ge and Si. The  I I I - V  com pounds such as G aAs, In A s , 
InS b  and In P  have a ttra c te d  the  a tte n tio n  o f m any au thors . The  tra n s p o rt 
p rope rtie s  o f these system s, in  absence and presence o f e x te rn a lly  app lied  agents, 
such as pressure and m agne tic  fie ld , have been dea lt w ith  b o th  e xp e rim e n ta lly  
and th e o re tic a lly  (see, e.g., M iko sh ib a  1963; S hk lovsk ii 1973; M o t t  and Davis 
1979; B isku p sk i and D ub ios  1982; T o ku m o to  et al. 1980, 1982; Rosenbaum  et al. 
1983; S hk lovsk ii and E fros 1984; B o ttg e r and B ry k s in  1985; M ans fie ld  et al. 1985; 
A b b o u d y  et al. 1987, 1988; A b d u l-G a d e r et al. 1987; M ans fie ld  et al. 1988).
T he  p rope rties  o f e lectrons in  the  conduc tio n  band (o r holes in  the valence 
band ) fo r a l ig h t ly  doped sem iconducto r is w e ll unde rs tood  and th e o ry  agrees w ith  
expe rim en t. The  con troversy arises when the  te m p e ra tu re  is so low  th a t conduction
-  2 -
is by hopp ing . E xact conclusions abou t the  ac tua l m echanism s o f conduc tio n  are 
no t ye t w ell estab lished. The  presence o f a specim en at ve ry  low  tem pera tu res 
w ith  a m agne tic  fie ld  as an ex te rna l agent is recom m ended to  sh rin k  the  donor 
wave fu n c tio n s  and tune  th ro u g h  the  d iffe ren t types o f conduc tio n  mechanisms.
O th e r p rob lem s such as an iso tropy, dens ity  o f states at the  Ferm i leve l, m eta l-
in s u la to r (M I)  tra n s it io n , etc. are s t i l l  no t w e ll estab lished. The  behav io u r o f the 
a.c. c o n d u c tiv ity  as a fu n c tio n  o f te m p e ra tu re , m agne tic  fie ld  and frequency is 
also needed to  be closely investiga ted .
Shallow  e lec tron ic  energy states associated w ith  im p u r ity  levels in  
sem iconducto rs can be unde rs tood  by means o f a hydrogen m ode l o f the  im p u r ity  
(Y a fe t, Keyes and Adam s 1956 (& K A ) ) .  In  th is  case, one takes the  wave func tions  
and energy levels fo r various e lec tron ic  im p u r ity  states the  correspond ing  wave 
fu n c tio n s  fo r a hydrogen a tom  in  w h ich  the e lectron  has a mass m * , the  effective 
mass o f the  e lectron  in  the c rys ta l, and the  nucleus has a charge e/e, the  no rm a l 
p ro to n ic  charge e decreased by the  d ie le c tr ic  constan t o f the  m ed ium . Thus w ith  
the  g round -s ta te  b in d in g  energy o f the  free hydrogen a to m  g iven by
^  rrine^
~  2h^ ~  ( 1 -2 )
where tuq and e are the  rest mass o f the  free-e lectron  and the  e lec tron ic  charge
respective ly ; the  effective R ydbe rg  energy then  can be expressed as
m a te ria l m * e a*B (A ) R ;  (m eV )
n -InS b 0.0145 mo 17.6 645 0.65
n -In P 0.078 mo 14 84 5.5
n-G aA s 0.066 mo 12.6 100 5.67
T able 1.1
In  the  case o f the  I I I - V  com pounds, such as n -typ e  InS b , where the effective 
mass m ’* is sm all and the  d ie le c tric  constan t e is la rge , then  fo r a hydrogen -like
-  3 -
m odel o f a donor centre the  R ydbe rg  constant R *  is sm a ll. Tab le  1.1 sum m arizes 
the values o f m * , c, Ug and the  correspond ing  R*  fo r some sem iconductors.
S o lu tio n  o f the  Schrod inger equa tion  fo r a hyd rogen -like  a tom  shows th a t 
the  wave fu n c tio n  fo r the  g round -s ta te  e lectron fa lls  o ff e xp o n e n tia lly  fro m  its  
hyd rogen -like  im p u r ity  centre as (S hk lovsk ii and E fros 1984)
Tp{r) =  e x p f - r / a ^ ^  (1.4)
where is the  effective B o h r rad ius  w h ich  determ ines the  cha rac te ris tic  
d im ensions o f the  wave fu n c tio n  and is given by
Œb  — a s  (1-5)
Here a s  is the  B o h r rad ius  fo r the  free hydrogen a tom  and is given by as  =  
h}  I  mo =  0.53 Â . Because o f the  la rge values o f the  d ie le c tr ic  constan t and the 
sm all values o f the  effective mass, the  B o h r ra d ii in  sem iconducto rs tu rn  ou t to  be 
qu ite  large. Hence, the  wave fu n c tio n s  associated w ith  the  dono r im p u r ity  atom s 
extend over large distances th ro u g h o u t the  host c rys ta l. As a re su lt, the  wave 
fu n c tio n s  m ay overlap s tro n g ly  w ith  each o the r unless the  im p u r ity  concen tra tion  
is so low  th a t the  iso la tio n  co n d itio n  ( 1 .1 ) is satisfied.
In  the  case o f a f in ite  concen tra tio n  o f s im ila r im p u r it ie s  the  single 
degenerate im p u r ity  level is replaced by an im p u r ity  band  o f f in ite  w id th  in  energy. 
A n  e lectron  loca lized  near one o f the  im p u r ity  centres does n o t spread in  tim e  over 
o th e r centres c o n s titu tin g  the band. The  wave fu n c tio n  rem ains loca lized , and 
wave fu n c tio n s  o f e lectrons o f ne ighb ou ring  im p u r ity  a tom s are a lm ost id e n tica l 
w ith  the  wave fu n c tio n s  o f free atom s. The  electrons are said to  be trapped  
by th e ir  in d iv id u a l donor sites and become loca lized in  the  associated discrete 
energy states. These states lie  below  the  delocalized conduc tio n  band a t a d istance 
equal to  the  effective R ydbe rg  constan t. E lectrons occupy ing  these states can on ly  
p a rtic ip a te  in  conduc tio n  i f  an a p p ro p ria te  energy is supp lied  to  excite  them  in to  
the  conduc tio n  band where they  can behave free ly as free e lectrons in  a crysta l 
band.
-  4 -
In  n -typ e  sem iconducto r, decreasing the  te m p e ra tu re , T , leads to  freeze-out 
o f e lectrons fro m  the  conduc tio n  band to  th e ir  donors, and the  c o n d u c tiv ity , cr, 
decreases e xp o n e n tia lly  as T  is lowered. The te m p e ra tu re  dependence o f the  d irect 
cu rre n t (d .c .) c o n d u c tiv ity  in  th is  case is given by (M o tt  and Towse 1961)
cr =  0 -1  e x p ^ - e i / A i B T j  ( 1 . 6 )
where the  p re -expon en tia l fa c to r cti depends on the  type  o f the  m a te ria l under 
in ve s tig a tio n  and the  ex te rna l agents, e\ is the  a c tiva tio n  energy fo r the  donor 
sites o f the  o rde r o f Ry  and is the  B o ltzm a n n  constan t.
The  freeze-out o f conduc tio n  e lectrons w ith  decreasing the  tem pe ra tu re  
leads to  a s itu a tio n  in  w h ich  the  m a in  c o n tr ib u tio n  to  the  e lec trica l c o n d u c tiv ity  
comes fro m  electrons th a t hop d ire c tly  between im p u rit ie s  w ith o u t be ing excited to  
the conduc tio n  band. T h is  m echanism  is w e ll know n as hopping con d u c t io n ’  ^ and 
is im p o r ta n t at low  tem pera tu res . The  n a tu re  o f th is  process can be unders tood  
by cons idering  the  fac t th a t random  flu c tu a tio n s  in  the  p o te n tia l o f the  charged 
im p u r ity  atom s create s ign ifican t differences between the  energies o f the  d iscrete 
energy levels o f the  iso la ted  donor sites (M a d e lu n g  1978). Systems in  w h ich  the 
c rys ta llin e  p o te n tia l flu c tua tes  so th a t i t  is no longer p e rio d ic  are described as 
’’ d i so rde red "  m a te ria ls . For e lectron  to  hop fro m  an occupied to  an em p ty  site 
(due to  com pensa tion ) a phonon  has to  be absorbed (o r e m itte d ). I f  the  hopp ing  
takes place between the  ad jacent iso la ted  loca lized  states near the  Ferm i energy, 
then the  process is know n as ’’ t h e r m a l l y  ac t i va ted  phonon  — ass is ted ’’ hopp ing  
conduc tio n  (M o tt  and Towse 1961). Since the  e lectron  hops are associated w ith  
a weak overlap  o f wave fu n c tio n  ta ils  fro m  n e ighb ou ring  donors, the  hopp ing  
m echanism  o f conduc tio n  then  corresponds to  a ve ry  low  m o b ility . However, at low  
tem pe ra tu res , h opp in g  conduc tion  w ins in  the  c o m p e titio n  w ith  band conduction . 
I t  has been fo u n d  th a t a c o n d u c tiv ity  o f th is  typ e , w h ich  is know n , frequen tly , as 
’’ nea res t  ne ig hbour  hopp in g ’’ conduc tio n , is o f the  fo rm  (M il le r  and A braham s 
1960)
a =  a s e x p l - e s / k B T )  (1.7)
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where the  p re -expon en tia l fa c to r erg depends on the  m a te ria l unde r in ve s tig a tio n  
and the  te m p e ra tu re  (th o u g h  w eak ly ) and £3 is the  a c tiva tio n  energy w h ich  arises 
due to  the  d ispers ion  o f im p u r ity  levels and is less th a n  Si. £3 , indeed, is a fu n c tio n  
o f im p u r ity  concen tra tio n . For w eakly doped sem iconducto rs, the  a c tiva tio n  
energy £3 was ob ta ine d  by considering  ion ized  donors (energy levels p laced above 
the  F erm i leve l) in  the  v ic in ity  o f nega tive ly  charged acceptors (S hk lovsk ii and 
E fros 1970; S hk lovsk ii 1973). T he  C ou lom b in te ra c tio n  between a donor and an 
acceptor raises the  energy level o f the  donor re la tive  to  the  level o f an iso la ted  
dono r by an am oun t o f the  o rde r o f e ^ /e r j j  =  EcouU where t d  is the  average 
in te rm a jo r ity  d istance. T hus one can w rite
£3 =  const.   ( 1 . 8 )
T h is  fo rm u la  is assumed to  be va lid  fo r any com pensation  ra t io  K  =  N a / N d  
b u t the  constan t, indeed, depends on K  (E fros  et al. 1972, S hk lovsk ii and E fros 
1971, 1984). For h igh  im p u r ity  concen tra tio n , the  ne ig h b o u rin g  hops m ig h t affect 
each o th e r and become corre la ted  (K n o te k  and P o lia k  1974). The  effect o f th is  
c o rre la tio n  w ou ld  reduce £3 be low  its  th e o re tica l value. D iffe re n t m echanism s were 
also proposed to  account fo r the  low er values o f the  a c tiva tio n  energy £3 (see, e.g., 
S hk lovsk ii and E fros 1984, M ans fie ld  et al. 1988). T he  p re -expon en tia l fa c to r in  
equa tion  (1 .7) is g iven by
0 -3  =  (To3 e x p i a i a (1.9)
w h ich  represents the  concen tra tio n  dependence o f the  c o n d u c tiv ity  in  the  nearest 
n e ighb ou r ho p p in g  regim e. The  pa ram e te r in  the  above equa tion  has been 
ca lcu la ted  by p e rco la tio n  th e o ry  (S hk lovsk ii and E fros 1984); a i  =  1.73.
A t su ffic ie n tly  low  tem pera tu res , h opp in g  between nearest ne ighbours m ig h t 
become m ore d if f ic u lt  th a n  hops between rem ote  sites. T h is , indeed, can be 
u nde rs too d  as fo llow s. As the  te m p e ra tu re  is reduced, then  the  num be r and energy 
o f the  ava ilab le  phonons w il l  decrease. In  th is  case, the  ty p ic a l resistance between 
n e ig h b o u rin g  im p u r it ie s  m ay become la rge r th a n  those connecting  some rem ote
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im p u r it ie s  whose energy levels happen to  be very close to  the  Ferm i level. Hence, 
carrie rs  w il l  p re fe r to  hop to  la rge r distances to  fin d  vacant im p u r ity  w h ich  is 
energe tica lly  closer th a n  the  nearest ne ighbour ones. In  th is  case, the  average 
h opp in g  le n g th  varies w ith  the  te m p e ra tu re  and grows as (S hk lovsk ii and
E fros 1984). A cco rd ing  to  the  o r ig in a l w o rk  o f M o tt  (1968), p ro v id e d  th a t there is 
a nonvan ish ing  dens ity  o f states a t the  Ferm i level, the  te m p e ra tu re  dependence 
o f the  c o n d u c tiv ity  w ith  no ex te rna l fie ld  present e xh ib its  a un ive rsa l behav iou r
1 / 4 -
(7 =  (To exp
To
T
(1.10)
w hich  is well know n as M o t t ’s T ~ ^ / ‘^ -law. C o n d u c tio n  o f th is  typ e  is genera lly 
described as var iab le  ra nge  hopping  (V R H ). The p re -expon en tia l fa c to r in  the 
above equa tion , (To, depends, am ong m any o th e r fac to rs , on the  dens ity  o f states at 
the  Ferm i level, g {p )  and the  te m p e ra tu re , T  (M a d e lu n g  1978) and the  param ete r 
To is m odel dependent and fo r the  present case is given by an expression o f the 
fo rm
where (3' is a n um erica l fa c to r. T he  de riva tive  d[ \n  p ) / d [ k B T ) ~ ^  m ay be called 
the  a c tiva tio n  energy at a given te m p e ra tu re . F rom  M o t t ’s law  i t  fo llow s th a t th is  
a c tiva tio n  energy m o n o to n ica lly  decreases w ith  the  te m p e ra tu re  as . For th is  
reason, c o n d u c tiv ity  obey ing  M o t t ’s law  is som etim es re ferred to  as c o n d u c tiv ity  
w ith  decreasing a c tiva tio n  energy.
A lth o u g h  the  M o t t ’s T “ ^ / ‘^ -law  has been ve rified  by m any au tho rs  (see, 
e.g., M o t t  1974; M o tt  and D avis 1979; Benzaquen et al. 1985) its  v a lid ity  s t il l 
receives a lo t  o f controversy. The  basic argum ents come fro m  some assum ptions 
used in  the  th e o re tica l d e riva tio n  o f th is  law  as the  energy independence o f the 
dens ity  o f loca lized  states near the  Ferm i level and the neg lection  o f the  co rre la tion  
effects between electrons th a t execute hops. I f  the  dens ity  o f states near the  Ferm i 
level is no t constan t, then  the  te m p e ra tu re  dependence o f the  c o n d u c tiv ity  in  the 
V R H  regim e is, indeed, d iffe ren t fro m  th a t suggested by M o tt  (see, e.g., E fros 
and S hk lovsk ii 1975; E fros 1976; E fros et al. 1979; M o tt  and D avis 1979). For a
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dens ity  o f states va ry in g  as
g{e) =  goeP ( 1 .12 )
where go is some constan t, p is a num erica l fa c to r (>  0 ) and the  energy e is 
measured fro m  the  Ferm i level, the  c o n d u c tiv ity  is given by (E fros  and Shklovskii 
1975, E fros 1976)
cr =  ctq exp
To
T
(1.13)
w ith  the  exponent x =  p-t- l / p 4 - 4  and Tq depends on the energy d is tr ib u t io n  o f the 
dens ity  o f states g{s) .  E fros and S hk lovsk ii (1975) have po in te d  o u t th a t,  due to  
C ou lom b in te ra c tio n , the  dens ity  o f loca lized  states is d im in ish e d  in  the im m ed ia te  
v ic in ity  o f the  Ferm i level. The  re su lta n t m in im u m  is called the  C ou lom b gap. 
Because o f th is  C ou lom b gap, V R H  conduc tio n  thus obeys the  above fin d in g ^w ith  
p = 2  and æ = l / 2 . A cco rd in g ly , equa tion  (1.13) takes the  fo rm
<T =  (To exp
r r i  \  1 / 2 '
J-0 (1.14)
C o n d u c tiv ity  o f such behav io u r is also re p o rte d  by m any au tho rs  (see, e.g., 
E m e l’yanenko et al. 1973; Z a b rodsk ii 1977; F in layson  and M ason 1986).
the
The  above argum ents were re s tr ic te d  o n ly  to  the  case o f h opp in g  in ^bsence  
o f ex te rna l agents. The  d iffe ren t types o f conduc tio n  m echanism s can also be
exam ined i f  one applies a m agne tic  fie ld . T h is  fie ld  w il l  sh rin k  the  wave func tions  o f
the  donor sites and consequently the  te m p e ra tu re  dependence o f the  c o n d u c tiv ity  
w il l  change (see, e.g.; M iko sh ib a  1963; S hk lovs ii 1973, 1977; S up rap to  and B u tche r 
1975; T o ku m o to  et al. 1980, 1982; S hk lovsk ii and E fros 1984). T he  ca lcu la tions 
g iven by these au tho rs  show th a t the  m agne tic  fie ld  dependence o f the  re s is tiv ity  
in  the  nearest ne ighb ou r h opp in g  reg im e fo r a weak fie ld  is g iven by
P 3 (g )  =  P 3(0)exp(^<° ^ ^ ^ / ;  )  (1.15)
where the  pa ram e te r t is g iven hy t  =  0.036 (S hk lovsk ii 1974). In  a large m agnetic 
fie ld , the  dependence becomes
Pi  ~  exp {con s t .— ----- ) (1.16)
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where q =0 .92  and E h  is the  g round state io n iza tio n  energy in  a m agnetic  fie ld . 
S hk lovsk ii (1977) has shown th a t the  an iso tropy  in  the  re s is t iv ity  in  th is  region is 
given by
~  (1.17)
P±
fo r the  weak fie ld  case, and
—  ~  (1.18)
P\\
fo r the  s trong  fie ld  case.
In  the  V R H  regim e, in  a weak fie ld  and fo r a constan t dens ity  o f states at 
the  Ferm i level, the  re s is tiv ity  varies as
P { H ) \  ,
where t i  is a constan t (U =  0.0025). For an a rb itra ry  pow er-law  dependence o f
the dens ity  o f states on energy, the  re s is tiv ity  reads
(1.19)
3 / 2
(1.20)
where ^2 is ano the r constan t ( % 0.0015).
The  c o n d u c tiv ity  in  the  V R H  regim e fo r the  case o f la rge m agne tic  fie ld , 
indeed, can be described by equation (1 .13), b u t the  param eters <To,To and the 
exponent x depend on the  energy dependence o f the  dens ity  o f states at the  Ferm i 
level and the  typ e  o f donor wave fu n c tio n  used. S tr ic t ly  speaking, the  exponent x 
takes values in  the  range o f 1 /4  to  2 /3  depending on the  typ e  o f the  wave fu n c tio n .
In  the above a rgum ent we confined ourselves to  the  case o f l ig h t ly  doped 
sem iconducto rs , in  w h ich  the  m a jo r ity  im p u r ity  concen tra tio n  is assumed to  be 
low  enough th a t the  wave func tions  o f e lectrons o f n e ig hb ou ring  im p u r ity  atoms 
are loca lized (and  are p ra c tic a lly  id e n tica l w ith  the wave fu n c tio n s  o f free atom s). 
However, as the  ca rrie r concen tra tion  increases, the  overlap between the  adjacent 
wave fu n c tio n s  o f the  im p u r ity  centres increases. W hen  the  concen tra tio n  increases 
so th a t the  iso la tio n  co n d itio n  ( 1 .1 ) is no longer va lid , then  the  d iscrete energy 
levels w il l  even tua lly  be trans fe rred  in to  a b road band o f Bo lch type  energy states,
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i.e. delocalized. In  th is  case, the  electrons can move free ly  in  th is  band and the 
c o n d u c tiv ity  becomes o f m e ta llic - like  type , i.e ., i t  tends to  a f in ite  value in  the l im it  
o f T  0 (M o tt  and D avis 1979). The energy gap between th is  im p u r ity  band 
and the  conduc tion  band decreases w ith  increas ing  im p u r ity  concen tra tio n  and at 
some concen tra tio n  the  tw o  bands merge. There fo re , even in  the  l im it  T  —> 0, the 
conduc tio n  band conta ins free e lectrons.
Now , one can say th a t by changing the  dop ing  level, a m e ta l- in s u la to r (M I)  
tra n s it io n  can be induced . T h is  has a lready been observed in  some sem iconducto rs 
such as Ge and Si (A lle n  and A d k in s  1972; M o tt  and D avis 1979; Rosenbaum  et al. 
1980, 1983; N ew m an and H o lcom b 1983; H irsch  and H o lcom b 1987). M o tt  (1949, 
1967) was the f irs t  to  show th a t the  M I  tra n s it io n  occurs at a c r it ic a l concen tra tion  
a t w h ich  the  p rope rties  o f a sem iconducto r changes a b ru p tly . A cco rd ing  to  
M o t t ’s ca lcu la tion s , at M I  tra n s it io n  one has
=  0.25 (1.21)
w h ich  is w ell know n as the  M o tt  c r ite r io n . A cco rd in g ly , the  average d istance 
between the  im p u r ity  centres a t w h ich  M I tra n s it io n  occurs is 2 .5 a ^ . T h is  c rite rio n  
has been proved to  be va lid  fo r a w ide range o f sem iconducto rs w ith  equation  ( 1 .2 1 ) 
replaced by (E dw ards  and Sienko 1978)
Ob  =  0.26 ±  0.05 (1.22)
In  a d d it io n  to  the  above described band and ho p p in g  m echanism s o f 
conduc tio n , sem iconducto rs w ith  low  com pensation  { K  <  0 .2 ) d isp lay  another 
ac tiva ted  m echanism  w h ich  m anifests its e lf in  a lim ite d  range o f concentra tions 
near the  M o tt  tra n s it io n  (M o t t  1982). T h is  m echanism  co n tr ib u te s  one m ore te rm  
o f the  fo rm
(7-2 == 0-02 exp (1.23)
to  the  te m p e ra tu re  dependence o f the  c o n d u c tiv ity . T h is  m echanism  works in  the 
in te rm e d ia te  te m p e ra tu re  range between the  band and the h opp in g  c o n d u c tiv ity  
regim es. The  o r ig in  o f the  £ 2  conduc tio n  has been s tud ied  by m any au thors  (see,
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e.g., N ish im u ra  1965; Yam anouch i 1965; B isku p sk ii et al. 1980, 1984). I t  is 
believed th a t the  m echanism  o f £2 c o n d u c tiv ity  is connected w ith  the  m o tio n  o f 
e lectrons over s ing ly  fille d  n e u tra l donors.
A lth o u g h , changing the  dop ing  level o f the  im p u r it ie s  p roved to  be qu ite  
good and successful to o l to  induce the  M I  tra n s it io n  in  some sem iconducto rs, such 
as Ge and Si, however i t  is, p ra c tica lly , d if f ic u lt  to  be em ployed in  ce rta in  types 
o f sem iconducto rs such as n -InS b . In  n -In S b , the  donor concen tra tio n  a t w h ich  
M I tra n s it io n  occurs is estim a ted  by M o t t ’s c r ite r io n  to  be 6.5 x lOd^ cm “ ^. 
T h is , indeed, is less th a n  the  concen tra tio n  o f the  pu res t sam ple available . In  
these m a te ria ls , however, the  M I tra n s it io n  can be achieved by va ry in g  the  spa tia l 
ex ten t o f the  wave fu n c tio n s  o f the  donor im p u r ity  centres. T h is  can be perfo rm ed 
by a p p ly in g  ce rta in  ex te rna l agents such as pressure (F ritzsche  1962) o r a m agnetic  
fie ld  (Y K A ) .  T he  advantages o f these m ethods are th a t the  com pensation  ra t io  and 
the dop ing  level are kept constants and consequently the  d iso rde r is unchanged. In  
a m e ta llic - lik e  m a te ria l such as n -In S b , the  m a gne tic -fie ld -in duced  M I tra n s it io n  
has been used successfully by m any au tho rs  (see, e.g., M ans fie ld  et al. 1985; 
A b d u l-G a d e r et al. 1987). I t  has been repo rted  by these au tho rs  th a t the  M I 
tra n s it io n  in  these m a te ria ls  occurs at a p a r t ic u la r  th re sh o ld  value o f the  m agnetic  
fie ld  w h ich , indeed, depends on the  concen tra tio n  o f the  carrie rs .
So fa r we were concerned w ith  the  d.c. conduc tio n  in  doped sem iconducto rs, 
i.e ., the  c o n d u c tiv ity  at zero frequency. One o f the  m a jo r features o f the  hopp ing  
conduc tio n  in  d isordered systems is the  s trong  increase o f the  rea l p a r t o f the 
a lte rn a tin g  cu rre n t (a .c.) co n d u c tiv ity , cr(w), w ith  increas ing  the  frequency, w. The 
in ve s tig a tio n  o f the  tem p e ra tu re  and frequency dependence o f the  a.c. c o n d u c tiv ity  
has been dea lt w ith  by m any au tho rs  (P o lia k  and G eballe 1961 (P G ); P o liak  1971; 
B o ttg e r and B ry k s in  1976; B u tch e r and Hayden 1977; B a ranovsk ii and Uzakov 
1981; E fros 1981). In  a.c. conduc tio n , i t  is o n ly  necessary to  tra n s fe r an e lectron 
between a p a ir  o f states. T h is  is, indeed, a m a in  d is tin g u ish in g  fea tu re  over the  d.c. 
conduc tio n  w h ich  requires a con tinuous p e rco la tion  p a th  between the  electrodes so 
as the  cu rre n t can flow . T h is  suggests the approach o f p a ir  a p p ro x im a tio n  w h ich  is
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n o rm a lly  adopted  in  ca lcu la tion  o f the  a.c. loss. The  tra n s it io n  between the  sites 
is suggested to  be due to  phonon-assisted hopp in g , and the  m a in  c o n tr ib u tio n  to  
the c o n d u c tiv ity  comes fro m  pa irs  w ith  tra n s it io n  frequency o f the  o rde r o f w, i.e., 
pa irs  a t a separa tion
r u ,  =  ^ ln (f /p /, /w ) (1.24)
where a is the  lo ca liza tio n  le n g th  and is a frequency o f the  o rde r o f a phonon 
frequency (~  10^^ H z). A cco rd in g  to  the  o r ig in a l w o rk  o f PG  the  frequency 
dependence o f the  a.c. c o n d u c tiv ity  can be w r it te n  as
cr(w) ^ w ln ^ ( i /p / i /w )  (1.25)
or s im p ly
cr(w) ~  (1.26)
I t  has genera lly  been accepted to  describe the expe rim en ta l da ta  o f the  a.c. 
c o n d u c tiv ity  by a dependence o f the  fo rm
(T(w) -  w" (1.27)
where the  exponent s is in  general sm a lle r th a n  u n ity . F rom  equa tion  (1.27), one 
finds
5 =  d in  c r /d ln  w =  1 -  4 /  ln ( i/p / i/w )  (1.28)
T h is  gives a value o f 0.8 fo r  the  exponent s a t n o rm a l frequency o f about 
10“^ Hz w ith  i/ph ~  10^2 Hz. As fa r as the  te m p e ra tu re  dependence o f the  a.c. 
c o n d u c tiv ity  is concerned, i t  is found  th e o re tic a lly  th a t the  c o n d u c tiv ity , indeed, 
varies o n ly  w eakly w ith  the  te m pe ra tu re . T h is  can be w r it te n  as
cr{u;) iv\Ti '^{ i^ph/u;)glkBT (1.29)
where go is the  dens ity  o f states at the  Ferm i level. I t  has been po in ted  ou t by
P o liak  (1971) and subsequently by E fros (1981) (see also E fros and S hklovsk ii
1985) th a t a t low  tem pera tu res  and due to  in te rs ite  co rre la tio n  between electrons 
on n e ig hb ou ring  sites, then  the  above equation reads
a{ iv)  -  w ln^(f/pk /t*;).9o (1-30)
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w hich  shows th a t the  c o n d u c tiv ity  becomes te m p e ra tu re  independen t and the 
frequency dependence as expressed by s in  th is  case is g iven by
5 =  1 - 3 /  ln(i/p/i/w) (1.31)
The fa ilu re  o f the  p a ir  a p p ro x im a tio n  theo ry  to  account fo r the  d.c. l im it  
o f the  co n d u c tiv ity , (w = 0 ), led S um m erhe ld  and B u tche r (1982) to  investiga te  
the  effect o f the  ex te rna l ne tw o rk  on the  p a ir  under cons ide ra tion . The  resu lts  o f 
these ca lcu la tions  led to  the extended p a ir  a p p ro x im a tio n  th e o ry  (E P A ). In  a recent 
w ork by S um m erhe ld  (1985), the  extended p a ir  a p p ro x im a tio n  th e o ry  (developed 
by B u tch e r and Sum m erhe ld  (1981) and S um m erhe ld  and B u tch e r (1982)), has 
been used to  scale the a.c. c o n d u c tiv ity  in to  its  d.c. l im it .  S um m erhe ld  has 
o b ta ine d  a fo rm u la  o f the  fo rm
(1.32)
< r(0 ,T ) ^ \ à { 0 , T )
where w and à  are the  angu la r frequency and c o n d u c tiv ity  in  reduced un its  
(S um m erhe ld  1985). The pa ram ete r A  in vo lved  in  the above equa tion  depends on 
the  site s ta tis tics . The  fu n c tio n  f { x ' )  is believed to  be un ive rsa l and app rox im a ted  
by (S um m erhe ld  1985)
f i x ' )  =  l  +  (1.33)
S um m erhe ld  scaling fo rm u la  has been used to  in te rp re t the  expe rim en ta l da ta  
o f some d isordered  m a te ria ls  in c lu d in g  Si, Ge and G aAs. T he  u n iv e rs a lity  o f 
S um m erhe ld  scaling fo rm u la  is in fe rred  fro m  the  s im ila r ity  in  the  shape o f the 
re su ltin g  curves. I t  is in te re s tin g  to  exam ine th is  sca ling fo rm u la  fo r  some o the r 
sem iconducto rs such as InSb.
B asic  id eas re la ted  to  th e  D ie lectr ic  B ehaviour;
M a x w e ll’s equation  de fin ing  the  cu rre n t I  in  te rm s o f d.c. c o n d u c tiv ity  and 
o f d isp lacem ent cu rre n t in  the frequency dom a in  can be w r it te n  as (Jonscher 1983)
/ ( w )  =  aoE((jü) 4- i(joD{Lü) (1.34)
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where E  is the  e lec tric  fie ld , w is the  angu la r frequency and D { lü) is the  d ie lec tric  
in d u c tio n  given by
D  =  £oE a P  (1.35)
where cq is the  p e rm it t iv i ty  o f free space and P  is the  p o la r iz a tio n
P  =  eoxE
T hus , one can w r ite
D  =  €0(1 4- x ) E  — (1.36)
where the te rm  (1 4 %) is know n as the  re la tive  p e rm it t iv ity  o r the  d ie lec tric
constan t o f the  m a te ria l and e is the  d ie le c tric  p e rm it t iv ity .  The  q u a n tity  % is the
d ie le c tric  s u s c e p tib ility  represented by a com plex fo rm  as
X =  X i -  %X2 (1-37)
Hence,
/ ( w )  = (To 4- weo%2(w ) 4- %wco(l 4- X i ( ^ ) ) E (w ) (1.38)
T h is  expression, indeed, shows th a t the  d ie lec tric  m ed ium  can be represented by a 
p a ra lle l co m b in a tio n  o f frequency-dependent conductance {G  ~  (To 4-weoX2(^)) and 
a capacitance (C  ~  w co}l 4- (w )] ). There fo re , one can w r ite  fo r  the  a d m ittance
y ( w )  =  G (w ) 4- TwC(w) (1.39)
In  the  present w o rk  we have used the  m agne tic  fie ld  to  induce the  M I 
tra n s it io n  in  n -InS b  samples w ith  ca rrie r concen tra tio n  in  the  range o f 5 x lO ^^ 
cm ~^ to  2 x lO ^s c m “ ^. M easurem ents o f the  a.c. c o n d u c tiv ity  ( in  the  frequency 
range o f 110 to  10^ Hz) as w ell as the d.c. l im i t  were ca rried  o u t in  m agnetic 
fie lds grea ter th a n  the  th resho ld  value suggested by Ish id a  and O tsuka  (1977) and 
up to  70 kG  over a te m p e ra tu re  range dow n to  0.04 K . We have also measured 
the  d.c. l im i t  in  the  same range o f fie lds. M easurem ents o f b o th  the  lo n g itu d in a l 
and transverse d.c. m agnetoresistance o f n -In P  samples o f ca rr ie r concen tra tion  
in  the  range o f 5.7 xlO^'^ cm “  ^ to  7.8 x lO d^ cm ”  ^ in  fie lds fro m  0 kG  up to  70
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kG  are also carried  ou t. The  resu lts  o f b o th  the  d.c. and a.c. c o n d u c tiv ity  w ill be
discussed in  the  lig h t o f the  above th e o re tica l background .
In  chap te r 2, a b r ie f account o f the  behav iou r o f an e lectron  in  a m agnetic
the
fie ld  is g iven. The th e o ry  o f hopp in g  conduc tio n  in^absence and presence 
o f a m agne tic  fie ld  is discussed in  bo th  the  nearest ne ighb our and variab le  
range h opp in g  regim es. The  te m p e ra tu re  and frequency dependence o f the  a.c. 
c o n d u c tiv ity  is also reviewed. A n  o u tlin e  o f the  extended p a ir  a p p ro x im a tio n  
th e o ry  and sca ling fo rm u la  as w ell as some aspects re la ted  to  the  m e ta l- in su la to r 
tra n s it io n  in  doped sem iconducto rs are also given in  th is  chapter.
The  de ta ils  o f the  expe rim en ta l techniques used in  b o th  the  d.c. and a.c. 
m easurem ents are given in  chap te r 3.
In  chap te r 4 the  resu lts  o f the  d.c. c o n d u c tiv ity  o f n - In P  samples are 
discussed.
C hap te r 5 is devoted to  discuss the  expe rim en ta l resu lts  o f the  a.c. and d.c. 
c o n d u c tiv ity  o f the  n -InS b  samples.
C onclusions are given in  chap te r 6 .
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C H A P T E R  2 
T H E O R Y
2.1 In trod u ction :
T he tra n s p o rt p rope rties  o f a sem iconducting  m a te ria l unde r ce rta in
cond itions  can be very dependent on ex te rna l in fluences such as a m agne tic  fie ld .
M easurem ent o f m agnetoresistance is considered a com m on to o l in  the  fie ld  o f 
sem iconducto r physics. The  m agnetoresistance m ay be large or sm a ll depending 
on band s tru c tu re  o f the  m a te ria l and the  s tre n g th  o f the  fie ld .
M o tio n  o f a free e lectron  o f mass ttiq in  a m agnetic  fie ld  H  has been stud ied
by m any au tho rs  (see, e. g., Z im an  1972). I t  has been found  th a t th is  m o tio n  can 
be resolved in to  tw o  com ponents: the  m o tio n  a long the fie ld  d ire c tio n  (z -d ire c tio n , 
say) and th a t in  a p lane pe rp e n d icu la r to  H . The  m agne tic  fie ld  does no t change 
the  lo n g itu d in a l com ponen t, w h ile  the m o tio n  in  the  p lane p e rp e n d icu la r to  i t  is 
s im ila r  to  the  m o tio n  o f a lin e a r ha rm o n ic  o sc illa to r, the  energy spec trum  o f w h ich  
is g iven by (n ' +  l/2 ) / iW c , where Wg is the  cyc lo tro n  frequency, Wg =  eH/rriQC and 
n ' =  0, 1 , 2, ... T hus, the  energy o f the  e lectron  in  a m agne tic  fie ld  can be w r it te n  
as
e ' =  ( n ' ~  (2 .1 )
2mo
where p \  is the  m om e n tu m  in  the  z -d ire c tio n . E q u a tio n  (2 .1) is the  sum  o f a 
tra n s la tio n a l energy a long the  m agne tic  fie ld , toge the r w ith  the  quan tized  energy o f 
the  cyc lo tro n  m o tio n . T h is  can be represented by a fa m ily  o f q u a d ra tic  parabolae
sh ifted  re la tive  to  one ano the r along the  energy scale by the  value o f /iWc, (Landau
levels). T a k in g  in to  account the  e lectron sp in , the  to ta l energy then  becomes
e =  {tl 4- l/2 ) f iw c  4- — — h r r igg f iBH  (2.2)
ZtTIq
where rUg is the  z-com ponent o f the  spin angu la r m om e n tu m  =  ±  1 / 2 , the 
pa ram e te r g is the  Lande s p lit t in g  fa c to r and /xg is the  B o h r m agneton .
In  fc-space, the  o rb ita l area in  a p lane transverse to  H  is quantized  and
given by (Z im a n  1972)
—  1 —
An'  =  — — ( n ' +  1 /2 )  (2.3)
he
T hen , when the m agne tic  fie ld  increases, the  o rb it  in  rea l space w h ich  corresponds 
to  the  rec ip roca l o f the  o rb it  in  fc-space shrinks.
M o tio n  o f e lectrons in  crysta ls  in  m agne tic  fie lds is genera lly  com plica ted . 
However, i f  the  c rys ta l p o te n tia l is neglected, the  e lectrons in  the  conduction  
band (B loch  e lectrons) can be considered as free e lectrons w ith  an effective mass 
. Hence, the  e lectron energy shou ld  be quan tized  in  the  band in  accordance 
w ith  equa tion  (2 .2) w ith  mo replaced by m * . Thus the  quas i-con tinuous energy 
spec trum  in  the  band  becomes d iscrete in  presence o f the  m agne tic  fie ld . T h is  
leads to  a re d is tr ib u tio n  o f e lectrons am ong the allowed Landau  levels up to  the 
Ferm i energy /x defined by
/  g { e ) f { £ ) d e = n  (2.4)
J — oo
where ^ (e ) is the  dens ity  o f states fu n c tio n  in  presence o f m agne tic  fie ld . For the 
energy spectrum  o f ( 2 .1 ) i t  is given by (B ra n d t and C hud ino v  1975) as
(2.5)
f { e )  is the  F e rm i-D ira c  d is tr ib u t io n  fu n c tio n  g iven by
and n  is the  dens ity  o f e lectrons in  the  band. F rom  equations (2 .4 ), (2 .5) and (2.6), 
the  to ta l e lectron  dens ity  in  the  presence o f a m agne tic  fie ld  can be expressed in  
the  fo rm
n  =
where
/ = ( 2 -8 )
and F i / 2( / x ') is a m em ber o f the  fa m ily  o f F e rm i-D ira c  in teg ra ls  (see B lakem ore 
1974) given by
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2.2 A h ydrogen-like im p u rity  a to m  in a M a g n etic  F ield:
The  s im ple  p ic tu re  given above fo r the  behav io u r o f free e lectrons in  a 
m agnetic  fie ld  is s t i l l  app licab le  fo r the  case o f bound  e lectrons p rov ided  th a t the 
fie ld  is the  d o m in a n t c o n tr ib u to r  to  the  energy o f the  e lectrons. Y a fe t, Keyes 
and Adam s (1956) (Y K A ) ;  were the  f irs t  to  s tu d y  the  effect o f a s trong  m agnetic  
fie ld  on the  energy levels and wave fu n c tio n  o f a hyd rogen -like  im p u r ity  sta te in  
a sem iconducto r. T hey  take as the  wave func tions  and energy levels fo r various 
e lec tron ic  im p u r ity  states the  co rrespond ing  wave fu n c tio n  fo r a hydrogen a tom  in  
w h ich  the  mass o f the  e lectron  is m *  and the  charge o f the  nucleus is e/e, where 
e is the  d ie le c tric  constan t o f the  m a te ria l. The  ra t io  o f the  zero p o in t energy, 
^W c/2, to  the  R ydbe rg  constan t Ry  in  such hydrogen -like  states depends s trong ly  
on the  effective mass m *  and the d ie lec tric  constan t e. For m a te ria ls  w ith  very 
sm all effective mass and very h ig h  d ie lec tric  constan t, th is  ra t io  can exceed u n ity . 
Y K A  presented th e ir  ca lcu la tions  in  te rm s o f a pa ram e te r 7  w h ich  is given by
 ^= «
For sm all m agne tic  fie lds, (7  «C 1), the  p e r tu rb a tio n  effects o f th is  weak exte rna l 
fie ld  lead to  the  o rd in a ry  m agne tic  s p lit t in g  o f the  hydrogen a tom ic  energy levels 
(P ow ell and C rasem ann 1965). As 7  approaches u n ity , the  m agne tic  forces have a 
la rge r and la rg e r effect on the  e lec tron ic  wave fu n c tio n  and they  tend  to  compress 
the  a to m  in  the  transverse d im ension , b u t a long the  d ire c tio n  o f the  fie ld  there 
is m uch sm a lle r com pression. For very s trong  m agne tic  fie lds, 7 ^ 1 , the 
fie ld  dom ina tes the  in te rn a l C ou lom b a ttra c tio n  o f the  hydrogen core. T hus the 
C ou lom b b in d in g  energy can be trea ted  as a p e rtu rb a tio n  in  the  m agne tic  fie ld . 
T h is  can be exp la ined  in  the  fram ew ork  o f the  p revious discussion o f an e lectron 
in  a m agne tic  fie ld . In  very s trong  fie ld  reg ion, where 7  Z$> 1 , the  m o tio n  pa ra lle l 
to  the  fie ld  w il l  be s lig h tly  a lte red . However, the  o rb it  in  a p lane pe rp e n d icu la r to  
the  fie ld  w il l  sh r in k  as H  increases so th a t the  a tom  w ou ld  progressive ly, become 
ovo id , b a rre l- and cigar-shaped fo r very s trong  fie lds. The  resu lt o f th is  procedure 
is th a t  the  e lectron  spends m ore tim e  closer to  the  nucleus and hence the  io n iza tio n
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F igure 2.1
The spatial extents o f the free electron wave function together w ith the donor wave 
function o f the type used by Yafet, Keyes and Adams, in units o f the effective Bohr radius 
as a function o f the dimensionless parameter 7 .
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energy increases. As a consequence the io n iza tio n  energy becomes greater as the 
fie ld  is increased.
Y afe t, Keyes and Adam s have made a va ria tio n a l estim ate  o f the  ground- 
state b in d in g  energy as a fu n c tio n  o f m agnetic  fie ld  s treng th . T hey  have used a 
no rm a lized  va ria tio n a l t r ia l v^ave fu n c tio n  o f the  fo rm
( 2 , n )
where ay and a±  are the  va ria tio n a l param eters o f the  wave fu n c tio n  in  the 
d ire c tio n  pa ra lle l and p e rpend icu la r to  the m agnetic  fie ld  respective ly. The 
va ria tio n  o f these param eters toge the r w ith  the m agnetic  leng th  A =
(the  spa tia l ex ten t o f a free e lectron wave fu n c tio n  in  the  m agnetic  fie ld ) as 
ca lcu la ted by Y K A  is shown in  F igu re  2.1. The  rad ius  a±  decreases faste r th a n  ay 
and approaches A at large 7 . The  m agnetic  fie ld  correspond ing  to  7 = 1  is g iven by
i f i  =  2.35 X 10®( — Gauss{2.12)
mo€
For an iso la ted  n e u tra l hydrogen atom  H i  =  2.35 xlO® G. E xp e rim e n ta lly , 
accessible values o f H i  can be achieved in  ce rta in  sem iconducto r m a te ria ls  where 
m *  is sm all and e is large. For a m a te ria l such as n -In P , m *  =  0.078mo and e =  14. 
T h is  w ou ld  give H i  % 70 kC . For n -In A s , m *  =  0.022mo and e = 12 . Hence, fo r 
7 = 1 , the  correspond ing fie ld  is a round  8 kC . The m agnetic  fie ld  sa tis fy ing  the 
co n d itio n  o f 7  =  1 could be even low er fo r m a te ria ls  such as n -InS b  ( less than  2 
k C ). There  are several o the r m a te ria ls  (such as n -G aA s) fo r w h ich  the  m agnetic 
fie ld  a t w h ich  7  =  1 is su ffic ie n tly  low  and hence the  co n d itio n  7  )$> 1 can be 
a tta in e d  easily.
Y K A  have concluded th a t the  effect o f a s trong  m agnetic  fie ld  on an isolated 
hyd rogen -like  im p u r ity  atom s in  sem iconductors can be observed as a decrease 
in  the free charge carrie rs in  the  conduction  band. T h is  phenom enon,w hich is 
know n as the  m agnetic  freeze-out, can be exp la ined in  te rm s o f the  increase in  
the  io n iz a tio n  energy o f the  im p u r ity  a tom  as the  m agnetic  fie ld  is increased. 
The Y K A  m odel should app ly  p rov ided  th a t the  spacing between ne ighbouring
-  20  -
im p u r ity  atom s { r o )  is no t less than  ten tim es the effective B oh r rad ius  Ug (P u tle y  
1966).
2 .3  H o p p in g  C o n d u c t io n  I n  Z e ro  M a g n e t ic  F ie ld :
A t re la tive ly  h igh  tem pera tu res the conduction  in  a l ig h t ly  doped n -type  
sem iconducto r is due to  e lectrons w h ich  are ejected fro m  im p u r ity  levels to  the 
conduction  band. As the  tem pe ra tu re  is lowered, the  num ber o f e lectrons in  
the conduction  band decreases ra p id ly  and ju m p s  (hops) o f e lectrons fro m  a 
n e u tra l ( fu ll)  donor to  an ion ized (e m p ty ) donor become m ore im p o rta n t. These 
ju m p s  occur because o f an e xp one n tia lly  sm all overlap o f the  wave func tions  
o f ne ighbou ring  im p u r ity  sites. The  presence o f com pensation is an im p o rta n t 
pa ram ete r in  th is  hopp ing  process. The  random  p o te n tia l o f charged im p u rit ie s  
leads to  s ligh t differences between the energies o f the  levels o f the  various donors, 
and the abso rp tion  o f phonons is necessary fo r ju m p s  o f electrons fro m  one donor 
to  another.
H opp ing  conduction  in  sem iconducto r m a te ria ls  has been discussed by m any 
au thors (see S hk lovsk ii and E fros 1984 fo r rev iew ) (SE). M ille r  and A braham s 
(1960) have tack led  th is  p rob lem  by p ropos ing  the fo llo w in g  approach. S ta rtin g  
w ith  e lectron wave func tions  loca lized on in d iv id u a l donors, the  p ro b a b ility  j i j  
th a t an e lectron located at site i  hops to  site j  w ith  the  em ission o r absorp tion  
o f a phonon can be ca lcu la ted . Thus the num ber o f tra n s itio n s  fro m  i  to  j  
can be deduced. I i ^  absence o f an ex te rna l e lectric  fie ld , an equal num ber o f 
e lectrons undergo the  reverse tra n s it io n  . In  a weak e lectric  fie ld , the fo rw a rd  and 
backw ard  tra n s itio n s  are no t the  same, i. e., no de ta iled  balance and the  cu rren t is 
p ro p o rtio n a l to  the fie ld . T h is  yie lds a resistance R i j  o f a given tra n s it io n . Hence 
the w hole p rob lem  can be reduced to  ca lcu la ting  the re s is tiv ity  o f an equivalent 
random  ne tw ork  o f resistors in  w h ich  each p a ir o f sites is connected by a resistor
Ri j  .
F o llow ing  Shklovsk ii and E fros (1984) (S E ), le t us consider tw o donors i 
and j  w ith  coord inates r ;  and r j ,  sharing one e lectron , i.e ., one o f the  tw o  donors
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is n e u tra l ( fu ll)  and the  o the r donor is ion ized (e m p ty ). Assume th a t the  ground- 
state wave fu n c tio n  o f an iso la ted donor is represented by ^ ( r  — r^) =  ^ ( r )  w hich 
satisfies [ H q -|- f /) '0  =  Exjj where H q is the  e lectron H a m ilto n ia n  in  the  host crysta l 
and U =  / e \ r  — r\ \. I f  the  d istance between the  tw o  donors r i j  = |  r ,  — r j  j
is m uch la rge r th a n  the cha rac te ris tic  wave fu n c tio n  size, a, then  the  overlap o f 
func tions  and w il l  be weak. The in te ra c tio n  between the  e lectron and bo th  
donors produces a s p lit t in g  o f the  degenerate state. The sp lit-s ta te  wave func tions  
represent a sym m e tric  and a n tisym m e tric  com b ina tion  o f the  a tom ic  func tions, 
hence
^ i  ±  ^ j
^1.2 2 ‘ /2(1 ±
E va lu a tio n  o f the  energy o f states 1 and 2 w ith  the H a m ilto n ia n
(2.13)
H  =  Ho
e r  -  r . e r  — r .
gives (SE)
F'2,1 — —E q - ± ler
(2.14)
(2.15)
where - E q is the  energy level o f an iso la ted donor, and R j  is the  energy overlap 
in te g ra l g iven by (SE)
h i  =  j e r  — r,- e r  -  r . dr (2.16)
For a hydrogen -like  fu n c tio n  o f the  fo rm  Ÿ ( r )  =  u F { r )  where u is a pe riod ic  
fu n c tio n  hav ing  the  pe riod  o f the  la tt ic e  and F [ r )  is o f the  fo rm  F [ r )  =  
(TTo,^  ) - i /2 e xp (—r / u )  the  overlap in te g ra l (2.16) becomes
e2 - ' r i j '
exp
■ - T i j  ■
ea a a
(2.17)
In  l ig h t ly  doped sem iconducto rs, fo r every p a ir o f donors the  fo llo w in g  in e q u a lity  
should ho ld
(2-18)
where
AJ =  w ( r j )  -  w (r,;) (2.19)
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and w { r )  is p o te n tia l energy between the e lectron and the  charged im p u ritie s  
su rround in g  the  donor at r .  I f  the  p o te n tia l energy w { r )  is inc luded  in  the 
H a m ilto n ia n , then  by p e rfo rm in g  a va ria tio n a l ca lcu la tion  w ith  the fu n c tio n
^  =  A i ^ i  - f A j ^ j (2.20)
M ille r  and A braham s (1960) show th a t when the  in e q u a lity  (2.18) is satisfied, the 
wave func tions  o f the  tw o  lowest states are o f the  fo rm
(2.20o)
(2.206)
The tra n s it io n  o f e lectron fro m  state to  im p lies  a trans fe r o f a charge — e 
over a d istance r i j .  O bvious ly , th is  tra n s it io n  yie lds a cu rren t.
S hk lovsk ii and E fros have shown th a t the  tra n s it io n  p ro b a b ility  i  j  w ith  
abso rp tion  o f one phonon is given by
where
V 3 e a /
1 +
Æ (A ^) = exp
k e T
A ^ a  
2 hvs 
- 1
2-1 - 4
-  1
(2.21)
(2.22)
(2.23)
and
d =  density,
Vg =  lo n g itu d in a l ve loc ity  o f sound,
E l  =  d e fo rm a tio n -p o te n tia l constant *
Assume th a t r i i  =  (0 ,1 ) is the donor occupa tion  num ber o f the  i —th  donor. The 
tra n s it io n  i  to  j  occurs on ly  i f  i  is fu l l  and j  is em pty, i. e., when =  1 and 
Tij =  0. There fo re , the  num ber o f e lectrons w h ich  ju m p  fro m  i  to  j  per u n it  tim e  
is given by
T ij  = <  ' y i j r i i ( l  -  r i j )  >  (2.24)
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where < >  denotes an average. To evaluate T i j ,  SE have in tro d u ce d  some 
s im p lifica tions . W ith  the assum ption th a t site occupa tion  num bers and energies 
do no t fiu c tu a te  in  tim e , b u t rem a in  equal to  th e ir  average value, then  the num ber 
o f tra n s itio n s  per u n it  t im e  can be w r it te n  as
=  7,', exp(-2ry/a)iV(e,- -  £ i) / i ( l  -  f j ) (2.25)
where f i  is the  average occupa tion  num ber = <  ri i  >  and the  phonon energy 
absorbed in  the  tra n s it io n  i  j  is taken to  be =  £j  — £i 
For the  reverse tra n s it io n  fro m  j  to  i  one has
T j i  =  t h e x p ( ^ - 2 r i j / a ) N  {£j  — +  1 (2.26)
Thus the cu rren t between the donors i  and j  is given by
J i j  — e {T i j  T j i ) (2.27)
In  zero e lectric  fie ld , there w il l  be a de ta iled  balance between the  tra n s itio n s  i  j  
and j  —> i ,  thus F^j =  T j i  =  F°^, and there fo re  J i j  =  0. I f  an ex te rna l e lectric  
fie ld  E  is in tro d u ce d , i t  w il l  re d is tr ib u te  electrons over donors, create corrections 
6 f i  to  f i ,  and affect the  donor-leve l energies £i and £j ,  then  the  balance w ill be 
destroyed. In  th is  case one can w rite
f i { E )  =  A '- k  6 f i  =
- 1
(2.28)
and
£i — £i 0 £i
where f f  is the  value o f the  fu n c tio n  f i  in  the  e q u ilib r iu m  and 6° is the  average 
energy on site % at F  =  0. Ô£i can be w r it te n  as (SE)
2 don
6 ei =  eE .F i H ^  ^ £fk (2.29)
The  f irs t  te rm  in  the  above equation represents the  d ire c t action  o f the exte rna l 
fie ld  E ,  w h ile  the  second one describes the  va ria tio n  in  the  C ou lom b p o te n tia l
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due to  a re d is tr ib u tio n  o f electrons. Now, to  ca lcu la te  the co n d u c tiv ity , one has 
to  consider the  case o f a closed c irc u it in  w h ich  the e lectric  fie ld  is so sm all th a t 
the corrections êfi i  and 8 ei are sm all com pared to  k ^ T ,  then  one can proceed 
expansions o f the  func tions  f i ,  f j  and iV(e,; — £j ) .  T h is  yie lds a cu rren t o f the  fo rm
er?,
Sfi j  +  6 ej — {Sfi i  4- 8 ei) (2.30)
the  pa ram ete r here is the  frequency o f tra n s itio n s  i  j  and j  —> z at 
e q u ilib r iu m . The above equation  can be re w ritte n  in  the fo rm
Ji i  =  R T l ( V i - U j )  '  (2.31)
w ith
%  =  (2.32)
and
2 don Ç r
— eUi — Ssi +  8 j i i  =  eE * t i  -j- 8 ^ i  -4- — N  --------------   (2.33)
e I r ;  -  I
T he  q u a n tity  —eUi is considered as a loca l e lectrochem ica l p o te n tia l on donor 
i ,  counted fro m  the e lectron chem ical p o te n tia l fi. The  difference [U i  — U j )  is 
regarded as a vo ltage d rop  on the tra n s it io n  i  j  and R i j  as the resistance o f th is  
tra n s it io n . Now , fo r a real system  hav ing  m any donors, one can ca lcu la te  the to ta l 
cu rren t th ro u g h  the sample as the  sum  o f a ll cu rren ts  p ie rc ing  any cross-section. 
Thus the  hopp ing  c o n d u c tiv ity  p rob lem  can be reduced to  th a t o f ca lcu la tin g  the
c o n d u c tiv ity  o f a random  ne tw o rk  in  w h ich  the resistance (2.32) connects each
p a ir o f donors.
A t very low  tem pera tu res the  param ete r can be w r it te n  as (SE)
F -j =  j i j e x p ( ^ - 2 r i j / a ^  e x p ( ^ - £ i j / k B T ^  (2.34)
where
Sij — 1 /2 [| €i — £j \ A  \ Ei — (.1 \ +  \ 6 j  — I] (2.35)
Then equation  (2.32) becomes
R i j  =  R ^ i j e x p { i i j )  (2.36)
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where
K  =  ^  (2 3 6 a )
^ T ij
and
The resistance ne tw ork (2.36) represents an expone n tia lly  w ide spectrum  of 
resistance R{j .  E va lua tion  o f such resistance has been tackled by m any authors 
using the  perco la tion  theo ry  (see fo r exam ple Am begaokar, H a lp e rin  and Langer 
1971 (A H L ); P o liak 1972; S hk lovsk ii and E fros 1971). In  th is  approach, one 
assumes th a t the  random  sites are chao tica lly  d is tr ib u te d  po in ts  in  space w ith  
N  be ing the  average num ber o f sites per u n it  vo lum e. Consider th a t is some 
fu n c tio n  o f r { j  w h ich  connects sites i  and j .  A cco rd ing  to  the  pe rco la tion  theory, 
sites 1 and j  w il l  be considered bonded if ,  fo r some num ber
<  I  (2.38)
I f  tw o  sites are connected (bonded) d ire c tly  o r v ia  o the r bonded sites, they  belong 
to  the  same c luster. Thus, one has to  f in d  a pe rco la tion  th resho ld  th a t is, the 
low er bound  o f the  pa ram ete r (  w h ich  s t i l l  p e rm its  an in f in ite  c lus te r to  be form ed. 
In  ano the r words, one can use the bond ing  c rite r io n
n j  <  r
w hich  can be satisfied i f  site j  is w ith in  a sphere o f rad ius  r about site i . 
Consequently, spheres o f rad ius r  are constructed  abou t a ll sites, and one has 
to  fin d  the lowest value r  =  Vc w h ich  allows fo r an endless chain o f sites in  w hich 
each site lies ins ide the sphere constructed  abou t the  preceeding site.
To evaluate the re s is tiv ity  o f a ne tw ork  o f connected sites the perco la tion
th resho ld  o r pe rco la tion  rad ius has to  be evaluated. The pe rco la tion  radius
Tc depends solely on the site concen tra tion  N. Now, assume th a t the  mean num ber 
o f bonds per site w ith in  the  rad ius r  is B  — . Thus can be expressed in
te rm s o f the  dim ensionless th resho ld  param eter Be as
Be =  (2.39)
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where Be =  2.7, (P ike  and Seager 1974). Hence,
r ,  =  0 .8 6 5 # - '/ ^
and
T h is  w ou ld  give a re s is tiv ity  o f the  fo rm
p =  po3 e x p i a i e x p =  Ps exp^6; ; / / e g (2.41)
where the param ete r Oj in  the  above equation  is found  th e o re tica lly  to  be
ai  =  1.73 (2.42)
The expe rim en ta l concen tra tion  dependence o f the re s is tiv ity  has been 
s tud ied  by m any au thors (see, e.g., Em ePyanenko et a l.1973, Eddols 1966, K a b le rt 
et al. 1976, and Lem oine et al. 1976). These au thors  fin d  o i  fo r n -G aA s rang ing  
fro m  1.7 to  1.9. A value o f 1.9 ±  0.2 has been found  by EmePyanenko et al. 
(1975) fo r n -InP . The tem pe ra tu re  dependence o f p ob ta ined  by these au thors in  
the hopp ing  region was ra th e r weak and the value o f the  a c tiva tio n  energy 63 =  Sij 
was a round  0.3 m eV. As the  p re -exponen tia l fa c to r in  equation  (2.41) depends on 
the te m pe ra tu re , b e tte r agreement between theo ry  and experim en t is expected i f  
one p lo ts  In  ( p / T )  versus 1 /T .
I t  should be po in ted  ou t th a t equation  (2.41) is app licab le  on ly  to  the case 
o f l ig h t ly  doped m a te ria ls  w ith  iso tro p ic  hydrogen ic wave func tions  decaying at 
large distances as exp ( —r /a ) .
2.4 H op p in g  C ond u ction  In a M agn etic  Field:
N earest-ne ighbour hopp ing  conduction  w ill also occur in  a m agnetic  fie ld . 
A m agnetic  fie ld  H  sh rinks the wave func tions  o f the  donors w h ich  leads to  a 
re d u c tio n  in  the overlap in te g ra l. S hk lovsk ii (1974) has considered an isolated 
hydrogen -like  a tom  located at the centre o f a c y lin d r ic a l coord ina te  system  {p ' , </>, z) 
in  w h ich  the z axis is d irected along the m agnetic  fie ld  H .  For a re la tive ly  weak
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fie ld  in  w h ich  the in e q u a lity  X ^  a holds, Shk lovsk ii has po in ted  ou t th a t the  wave 
fu n c tio n  ^  fa lls  accord ing to  the law
^  oc exp (2.43)
where A is the  m agnetic  leng th  and is given by
ch 1 / 2
eH
r  =  (x^ +  z ^ y / \ p '  =  (x-^
As the exponent (  is g iven by
(2.44)
2ri,- , +  Vi i ) aVn
[N .B .: the te m pe ra tu re  dependence te rm  in  equation  (2.37) is neglected here as 
we are considering the concen tra tion  dependence] thus, fo r the case o f weak fie ld  
one can show th a t the  th resho ld  pa ram ete r is given by
+ 2 i f ^
The f irs t te rm  coincides w ith  the  value o f fo r Pf =  0, w h ile  the second te rm  
describes a co rrec tion  due to  the  m agnetic  fie ld  w h ich  gives rise to  an exponentia l 
m agnetic  fie ld  dependence o f the  fo rm
P i [ H )  =  p 3 ( 0 ) e x p ( t “ y ^ -^ ) (2.46)
N  c^Tl
where t =  B c / 2 A'k =  0.036 (S hk lovsk ii 1974).
In  a weak m agnetic  fie ld , hopp ing  occurs over distances o f the  o rde r o f Æ 
the
ju s t as ii^absence o f the  fie ld . Thus, equation (2.46) is va lid  p rov ided  A >> a and 
X ^ /a  ^  N  w h ich  can be satisfied on ly  in  lig h t ly  doped sem iconducto rs, where 
N  <C 1, and fo r weak fie lds. The  fie ld  He de fin ing  the l im it  o f the  weak fie ld  
reg ion is de te rm ined by the  cond ition  A a / { N  w h ich  gives
ae
-  28  -
In  a large m agnetic  fie ld  such th a t a j j  A, and fo r a donor wave fu n c tio n  
o f the fo rm  (Hasegawa and H ow ard 1961 (H H ); Shk lovsk ii 1972; S hk lovsk ii and 
E fros 1984)
r -rZ _L I 7 II
(2.48)
I z I
4A2 a n
^  =  (27rA^a//) ^ /^exp  
where
a „  =  n / { 2 m * E H Ÿ ' ' ‘ (2.49)
is the  cha rac te ris tic  leng th  o f the w ave-function  decay in  the  d ire c tio n  o f the 
m agnetic  fie ld , and E h  is g round state io n iza tio n  energy in  a m agnetic  fie ld , in 
th is  case S hklovsk ii and E fros (1984) have shown th a t the  pe rco la tion  param eter 
^ has the fo rm
The surface o f constant ( i j  now  consists o f tw o  tru n ca te d  parabo lo ids  hav ing  a 
com m on base and a com m on axis o f re vo lu tio n  d irected  along the  m agnetic  fie ld . 
In  th is  case, the  th resho ld  pa ram ete r (c is given by
Thus the re s is tiv ity  takes the  fo rm
P =  P03 (2-52)
Thus the  m agnetic  fie ld  dependence o f the re s is tiv ity  can be w r it te n  in  the fo rm
/^ .3 =  /^oaexp
=  -----------
where q =  (B c /z r)^ /^  =  0.92 fo r Be =  2.7.
S hk lovsk ii and E fros (1984) have po in ted  ou t th a t equations (2.46) and 
(2.53) are app licab le  fo r fie lds H  <  H '  =  2He and H  >  H "  =  6 Hc  respectively. 
The  an iso tropy  o f hopp ing  conduction  has been dea lt w ith  by S hklovsk ii (1977).
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S hklovsk ii proposed th a t the  an iso tropy in  a m agnetic  fie ld  is given by
Pxx _  ^
Pzz P\\
^  I I
I Xi j  I >
In  a weak m agnetic  fie ld  th is  gives (S hk lovsk ii 1977)
(2.54)
48
H  
Â ÏÏr
H
and in  s trong  fie ld  case:
(2.55)
—  %  0.11
P\\
H
H~c
3 / 2
(2.56)
2.5 V ariab le-R ange H op p in g  in zero M agn etic  Field:
A t su ffic ien tly  low  tem pera tu res , M o tt (1967,1969) has observed th a t 
the  c o n d u c tiv ity  decreases less ra p id ly  th a n  expected by equation  (2.41) fo r an 
ac tiva ted  hopp ing  process. Fo llow ing  the  s p ir it  o f M o t t ’s ca lcu la tions and because 
o f the  fa c to r exp { e i j / k s T )  in  equation (2.41) at very low  tem pera tu res  on ly  
resistances hav ing  a sm all value o f €{ w il l co n tr ib u te  to  the conduction . The 
electrons there fore  w ill hop to  rem ote sites w h ich  are no t necessarily the  nearest 
ne ighbours to  reduce the  energy necessary fo r the  tra n s it io n . Hence on ly  energies £{ 
and £j ly in g  close to  the  Ferm i level w il l  be invo lved . In  th is  case, the  charac te ris tic  
hopp ing  leng th  increases on low ering  the  tem pe ra tu re  accord ing to  (SE)
(2.57)
hence the name variab le  range hopp ing  (V R H ). M o tt  was the  f irs t  to  give a 
q u a lita tiv e  d e riva tio n  o f the  tem pe ra tu re  dependence o f the  c o n d u c tiv ity  in  th is  
regim e in  zero m agnetic  fie ld .
I f  the  dens ity  o f states at the  Ferm i level is given by
g{e)  =  gae’’ (2.58)
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then the  num ber o f available states w ith in  a rad ius  r  and w ith  energy between 0 
and A  is given by
47T
=  Y '  y „ (2.59)
_ 47t g g o A ^
3 p +  1 
=  Be
A cco rd ing  to  (2 .36), the re s is tiv ity  p can be w r it te n  as
/ 2 r  A  \
poc e x p - ( -  +  — )  (2.60)
hence using r  fro m  equation (2.59) and m in im iz in g  the exponent to  fin d  the 
o p tim u m  hopp ing  energy one gets
p a e x p - ( ^ y ^  (2.61)
where z =  p 4- 1 /p  +  4.
Thus fo r a constan t dens ity  o f states at the  Ferm i level, p =  0, æ =  1 /4 , 
To =  Si{goa^kB)~^  , Si  =  49 .
The o rig in a l theo ry  o f V R H  assumed a constant dens ity  o f states at the 
Ferm i level. Subsequently i t  was suggested th a t, because o f e lectron-e lectron  
in te ra c tio n , a gap appears in  the one-electron e xc ita tio n  spectrum  and th is  resu lts 
in  the  dens ity  o f states d ro p p in g  to  a m in im u m , P o liak  (1970), o r zero, E fros
and S hk lovsk ii (1975). A n  expression s im ila r to  (2.58) has been derived w ith
p =  2. T h is  gives a re s is tiv ity  o f the  fo rm  (2.61) b u t w ith  æ =  1 /2  and To =  
S2 {9 o^^cLkB)~^, S2 — 10" E fros et al. (1979) have shown by com pu te r s im u la tion  
th a t when a screened C ou lom b in te ra c tio n  in  the  fo rm  o f U ( r )  =  ^  exp( —r / r ^  ) 
is used the C ou lom b gap is smeared ou t and disappears i f  on ly  short range 
in te ra c tio n s  are considered.
T here  is no clear evidence fro m  m easurem ents on lig h t ly  doped I I I - V  
com pounds fo r e ithe r T ~ ^ /^  o r law . M easurem ents on w ide range o f
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tem pera tu res  at zero m agnetic  fie ld  as well as in  presence o f the  fie ld  are im p o rta n t 
in  o rder to  ve rify  w h ich law  is m ost lik e ly  to  be obeyed.
2.6 Variable R ange H op p in g  in a M agn etic  Field:
V ariab le -range hopp ing  in  presence o f a m agnetic  fie ld  has been trea ted  by 
m any au thors (see, e. g., S hk lovsk ii 1973, 1982; T oku m o to  et al. 1980, 1982 and 
Shklovsk ii and E fros 1984).
As i t  has been m entioned elsewhere, the  effect o f a m agnetic  fie ld  on the 
wave fu n c tio n  becomes s tronger w ith  increasing d istance fro m  the im p u r ity  centre, 
therefore in  the V R H  regim e and at su ffic ien tly  low  tem pera tu res  one w ou ld  expect 
a large pos itive  m agnetoresistance. A weak m agnetic  he ld makes a re la tive ly  sm all 
c o n tr ib u tio n  to  the re s is tiv ity  exponent ^ i j  , w h ile  s trong  m agnetic  fie ld  has a 
pronounced effect. Now, fo r the  case o f constant density  o f states at the  Ferm i 
level and in  the w eak-fie ld  case, accord ing to  (2.45), the  c o n tr ib u tio n  due to  the 
m agnetic  fie ld  can be w r it te n  as
A ? ., =  (2.62)
where 6  is the  angle between the vecto r r { j  and the m agnetic  fie ld , and A is 
m agnetic  leng th  given by (2.44). I f  the  effect o f the  weak m agnetic  held on the 
cha rac te ris tic  hopp ing  leng th  is neg lig ib le  then  by s u b s titu tin g  (2.57) in to  (2.62) 
one finds th a t the  c o n tr ib u tio n  to  the th resho ld  pe rco la tion  pa ram e te r in  order 
o f m agn itude  equals to
To
A4 T
3 / 4
Hence, the  m agnetoresistance in  th is  case is given by
p(H)  ^ To 3 / 4
(2.63)p(o)
S hk lovsk ii and E fros (1984) estim ate  the dim ensionless pa ram ete r as 0.0025.
The  case o f an a rb itra ry  pow er-law  dependence o f the  dens ity  o f states 
on energy has been considered by the above au thors. Using the fact th a t
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< r \ -  > =  7 (p )(a^c /2 )^ , where 7 (p) <  1, and th a t =  (7 o /T )® , then  in  th is  
case
n ( n \
(2.64)
To
T
where tp =  7(p)/144. I f  the dens ity  o f states is governed by the C ou lom b gap 
(p =  2), in  th is  case equation  (2.64) takes the fo rm
T
3 / 2
(2.65)
The param ete r <2 ~  0.0015, (SE).
V a riab le  range hopp ing  in  strong  m agnetic  fie ld  has been considered by 
m any au tho rs  (e. g., S hk lovsk ii 1977; T oku m o to  et al. 1982; S hk lovsk ii 1982), ( see 
also S hk lovsk ii and E fros (1984)). The tem p e ra tu re  dependence o f the  re s is tiv ity  
depends on the  shape o f the  wave fu n c tio n  assumed in  the  tre a tm e n t o f the  overlap 
in te g ra l. For a wave fu n c tio n  o f Y K A  type ;
"^YKA -
- 1 / 2
exp _
4 a f J4 a l
(2.66)
the  re s is tiv ity  is given by (2.61), w ith  x =  2(p +  l ) / ( 2 p  +  5). For a constant density 
o f states at the  Ferm i level, p =  0, thus x =  2 /5  and To =  Ss{goa\a^^kB)~^  w ith  
S3 =  0.433. For the  case when the  dens ity  o f states is governed by equation  (2.58) 
w ith  p =  2, then  x becomes 2 /3  and
To =  S^{goa^±a\ikB) (2.67)
and 54 =  1.62.
For a wave fu n c tio n  o f Hasegawa-Howard type  (1961) (eq. (2 .48 )), a s im ila r 
expression was ob ta ined  by T okum o to  et al. (1982) w ith  x =  (p - f l ) / ( p  - f 3). 
Hence, fo r a constan t density  o f states (p =  0), one gets x =  1 /3 . In  th is  case 
To =  S5 (goX^a\kB)~^  w ith  S5 =  5.8. W hen the C ou lom b gap becomes im p o rta n t 
(p =  2), then  x =  3 /5  and To =  So{goX^axk^B)~^^^ where Se =  4.21.
S hklovsk ii (1982) has proposed a novel new approach to  V R H  in  a large 
m agnetic  fie ld . He po in ted  ou t th a t the  m agnetic  fie ld  creates a b a rr ie r to 
transverse hopp ing  w hich increases in  p ro p o rtio n  to  the square o f the  hopp ing
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distance pe rpend icu la r to  the d ire c tio n  o f the m agnetic  fie ld . S hk lovsk ii has used 
a wave fu n c tio n  o f the  fo rm
(2.68)
where p'  is the  hopp ing  distance pe rpend icu la r to  the fie ld  and b depends on the 
s treng th  o f the  m agnetic  fie ld . As a resu lt, the re s is tiv ity  was found  to  be
p =  po e x p ^ T o /T ^  (2.69)
The exponent x here is equal to  (p +  l ) / ( p  +  4). T h is  gives æ =  1 /2  fo r a density  
o f states p ro p o rtio n a l to  w ith  To =  and S-j =  7.52. For a
constant dens ity  o f states, p =  0, æ =  1 /4 , To =  Se[aHb'^)~'^ /po&B and 5s =  63.02. 
The th eo re tica l p red ic tions  o f the  exponent x suggested fo r d iffe ren t models are 
sum m arised in  tab le  2.1.
p (e )= co n s ta n t g { e )  =
donor wave fu n c tio n X T o X T o  -
zero m agnetic  fie ld 1 /4 S i { g o a ^ k B ) ~ ' ^ 1 /2 S 2 { g y ^ a B ) ~ ^
large fie ld  and "^y k a 2 /5 S z ( g o a \ a \ \ k B y ^ 2 /3 S ^ { g o a \ a \ \ k B ) ~ ' ^ ^ ^
large fie ld  and ^ h h 1 /3 S e { g o \ ‘^ a x k B ) ~ ^ 3 /5 S e { g o X ' ^ a x k B ) ~ ^ ^
large fie ld  and sh 1 /4 S e [ a H h ‘^ ) ~ ' ^  I g o k B 1 /2 S j e ^ i a n b ^ y ^ ^ ^ / k B f
T a b le  2 .1 : Values o f the  exponent x toge the r w ith  the tem pe ra tu re  To in  equation 
(2.69) ob ta ined  by d iffe ren t models.
2 .7  A l t e r n a t in g  C u r r e n t  H o p p in g  C o n d u c t iv i t y :
I t  has been discussed ea rlie r th a t at low  tem pera tu res the  tra n s p o rt occurs 
due to  hopp ing  o f e lectrons. The  charges are considered to  move by d iscontinuous 
”  hopp ing  ”  ju m p s  between well defined loca lized states w ith in  the  so lid , spending 
m ost o f the  tim e  at rest on these sites. The lowest energy sta te is achieved when 
the m a jo r ity  im p u r ity  nearest to  a given m in o r ity  is ion ized. The presence o f
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an e lectric  fie ld  yie lds a cu rren t w h ich  can pass on ly  under the co n d itio n  th a t 
the th e rm a l energy is su ffic ien t to  overcome the C ou lom b p o te n tia l a round the 
m in o r ity  im p u r ity . In  the case i f  the th e rm a l energy is in su ffic ie n t, the  presence o f 
the  e lectric  fie ld  w ill change the p o te n tia l and consequently a new e q u ilib r iu m  has 
to  be established. T h is  w ou ld  lead to  a p o la riza tio n  w h ich  can be investiga ted  as 
a cu rren t in  a.c. experim ent.
W hen a h a rm o n ica lly  va ry ing  fie ld  jE'(w) is app lied  to  a d ie lec tric  sample, 
the  p roduced tim e-dependent p o la riza tio n  in  the frequency dom ain  T (w )  is given 
by (Jonscher 1983)
T ( w )  =  e o x (w )E (w )  (2.70)
where cq is the  p e rm it t iv ity  o f free space, and % is the d ie lec tric  su sce p tib ility  
represented by a com plex fo rm  as
X ( ^ )  =  %i(w)  -  2%2(w) (2.71)
Here, the  im a g in a ry  p a rt is term ed the  ’’ d ie lec tric  loss” , and the cu rren t 
due to  i t  is in  phase w ith  the  ha rm on ic  d r iv in g  fie ld . The com ponents o f the 
d ie lec tric  su sce p tib ility  are re la ted  to  those o f the  com plex re la tive  p e rm it t iv ity  
c(w) =  C i(w) — i€2 (üj)
ei(o;) =  1 - I - x i ( u i )  (2.72)
^2(^)  =  X2 { ^ )  (2.73)
The real p a rt o f the  a.c. c o n d u c tiv ity  is expressed in  te rm s o f the  d ie lec tric  loss as
Recr{u)) =  eoLje2 {uj) (2.74)
and the  im a g in a ry  p a rt is w r it te n  as
I m ( r [u j )  — cowci (w)  (2.75)
In  random  systems, i t  is assumed th a t a (b road ) d is tr ib u t io n  n ( r )  o f re laxa tion
tim es, T ,  should exist i f  re la xa tio n  occurs by processes in v o lv in g  distances or
ac tiva tio n  energies re la ted to  the  d isordered s tru c tu re  o f the  m a te ria l. Thus,
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one can assume th a t each in d iv id u a l m icroscop ic process g iv in g  rise to  a given 
re la xa tio n  tim e  r  is independent o f a ll o thers, and there fore  the  overa ll co n d u c tiv ity  
is given by a sum m ation  over a ll co n tr ib u tio n s . Thus fo r continuous d is tr ib u tio n  
o f n ( r ) ,  the real p a rt o f the  a.c. c o n d u c tiv ity  can be w r it te n  in  the fo rm
Rea{uj )  =  /  a 'n ( r ) : —- — — d r  (2.76)
Jo 1 +  a; T
Here a ' is the p o la r iz a b ility  o f a p a ir  o f sites. The fo rm  o f n ( r )  requ ired  in  the
ca lcu la tions im p lies  th a t the re la xa tio n  tim e  r  m ust be an exponen tia l fu n c tio n  o f
a random  variab le , ry', say
T =  To exp(ry') (2.77)
where Tq is a constant cha rac te ris tic  re laxa tion  tim e . G enera lly, the  physical
m icroscop ic re la xa tio n  mechanism s th a t can give rise to  fu n c tio n a l fo rm  fo r r
in  equation  (2.77) are (E l l io t t  1987 fo r rev iew )
(1) Phonon-assisted quantum -m echan ica l tu n n e llin g  (Q M T )  o f e lectrons th ro u g h  
the b a rr ie r separating  tw o  e q u ilib r iu m  pos itions , in  w h ich  case
T]' =  2 a r  (2.78)
(2) C lassical hopp ing  o f carrie rs over the  p o te n tia l b a rr ie r  separating  two 
energe tica lly  favourab le  sites, in  th is  case
7/' =  W / k e T  (2.79)
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2. y.l M od ellin g  for a.c. conductiv ity . T w o-site  M odel:
To ca lcu la te  the a.c. co n d u c tiv ity , three quan titie s  have to  be found . These 
are; (a) the  p o la r iz a b ility  a ',  (b) the d is tr ib u tio n  fu n c tio n  fo r the  re la xa tio n  tim es 
n ( r )  and (c) the  re la xa tio n  tim e  expressed in  te rm s o f the  variab le  ry'.
The  f irs t a tte m p ts  tow ards a theo re tica l unde rs tan d ing  o f (r(w ) were taken 
by P o liak and Geballe (1961), who in tro d u ce d  a tw o -s ite  m odel as a mechanism  
o f re laxa tion  losses in  lig h t ly  doped sem iconductors fo r in ve s tig a tin g  the a.c. 
hopp ing  co n d u c tiv ity . The basic assum ption  o f th is  p ioneering  m odel is tha t 
the a.c. c o n d u c tiv ity  is due to  electrons th a t tu n n e l back and fo r th  between 
tw o donors and no t am ong la rge r groups o f donors. T h is  is va lid  at frequencies 
h igh  enough th a t d u rin g  h a lf a pe riod  o f the o sc illa tio n  o f the  ex te rna l e lectric 
fie ld  e lectrons can hop solely between nearest-ne ighbour sites. A t low  frequencies, 
however, d u rin g  h a lf a pe riod  o f the  o sc illa tion  o f the  ex te rna l fie ld , electrons 
m ay pe rfo rm  m any hops. The cu rren t then  was proposed to  arise fro m  tra n s itio n s  
w ith in  h ig h ly  conducting  clusters o f sites, (coupled v ia  capacities o f nonconducting  
p a rts ), the  size o f w h ich  increases w ith  decreasing frequency, so th a t i t  becomes 
m acroscop ica lly  large fo r w —> 0. Such an arrangem ent o f resistors and capacitors 
dem onstrates an im pedance w ith  real and im a g in a ry  pa rts . Since an e lectron can 
tu n n e l on ly  fro m  an ion ized donor to  a n e u tra l one, a p a ir  m ust be s ing ly  ionized 
to  c o n tr ib u te  to  the a.c. co n d u c tiv ity .
The  m a in  d is tin g u ish in g  feature  o f the  a.c. conduction  fro m  the  d.c. one lies 
in  the fact th a t in  the  fo rm e r i t  is necessary to  trans fe r an e lectron between a p a ir 
o f sites, w h ile  in  the la tte r  a continuous pe rco la tion  pa th  between the electrodes 
has to  be form ed fo r the  cu rren t to  pe rpe tua te . T h is  suggests the approach o f 
considering the  abso rp tion  o f an iso la ted  p a ir  o f states w ith  one e lectron and to  
sum up the  losses due to  such pa irs so as the  to ta l response o f a b u lk  sample can 
be ob ta ined .
A t frequencies where conduction  is due to  re la xa tio n  m echanism ^ one can 
assume th a t the  externa l e lectric  fie ld  s lig h tly  changes the e q u ilib r iu m  occupation
-  37  -
num bers o f sites and causes re laxa tion  to  the  e q u ilib r iu m  state w h ich  is determ ined 
by an instantaneous value o f the  fie ld . The tra n s it io n  between the  sites is suggested 
to  be due to  phonon-assisted tu n n e llin g  and has the cha rac te ris tic  frequency
=  U phexp { - 2 r  /  a) (2.80)
where Uph ~  10^^ Hz, r  is the  d istance between sites o f p a ir, and a is the  loca liza tion  
leng th . I t  should be borne in  m in d  th a t the  m a in  c o n tr ib u tio n  to  the co n d u c tiv ity  
is given by the  pa irs  w ith  the tra n s it io n  frequency o f the  o rder o f w, i.e. pa irs 
at a separation
rw =  ^ ln (z /p /,/w ) (2.81)
The cu rren t dens ity  in  the fie ld  d ire c tio n  is given by
j  =  p (2.82)
where
P =  ^  (2.83)
i
and n  is the vo lum e over w hich the sum m ation  extends, X {  is the distance 
between the  zth m a jo r ity  im p u r ity  and the nearest m in o r ity  im p u r ity  a long the 
held d ire c tio n . The  fu n c tio n  f i  is the  occupancy p ro b a b ility  o f the  i t h  m a jo r ity  
im p u r ity  and is given by the  so lu tion  o f
=  (2-84)
j  j
where T i j  is the  tra n s it io n  rates given by M A  (2.25). PG  s im p lifie d  the  so lu tion  o f 
equation  (2.84) by considering th a t the  hopp ing  occurs exclus ive ly  between pa irs  o f 
m a jo r ity  im p u r it ie s  and assum ing th a t the  ju m p in g  in  a given p a ir is independent 
o f the o thers, i. e. the e lectric  held at one hopp ing  centre is ju s t the  app lied  fie ld. 
C onsidering  the c o n d u c tiv ity  o f 1 cm^ w ith  n  id e n tica l ju m p in g  centres each of 
w h ich is consisting  o f a p a ir o f m a jo r ity  atom s separated by a d istance r ,  energy £ 
and hav ing  the same o rie n ta tio n  6  w ith  respect to  the  app lied  fie ld . Labe ling  the 
p a ir w ith  1 and 2, then  fro m  (2.84) one has
/ ]  =  Ti2.f2 — r 2 i / i
(2.85)
=  —(T z i +  P l2 ) / l  +  1 12
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and (2.83) gives
p  =  n e ( A i / i  +  X 2 / 2 ) =  n e ( X i  — %2  ) / i  +  n e X 2  ( 2 . 8 6 )
thus
j  =  p =  7ie(A^i — A 2 ) / i  =  r i e r f i  cos# (2.87)
IKe
where / ]  4- f 2 =  1- Ilyp resence  o f an ex te rna l e lectric  fie ld  F (w ) , PG solved
equation  (2.87) in  the  lim its  o f < =  0 and t — 0 0  and they ob ta ined  the cu rren t
density  in  a frequency-dependent fo rm  as
=  I n r ^  cos:  1--------------
E (w ) 4 k e T  c o s h ^ e / 2 k b T )
WT
+  t
1 4- 1 4-
(2.88)
As the pa irs are considered to  be at random , and there  is no in te ra c tio n  between 
hopp ing  centres, the to ta l c o n d u c tiv ity  is ob ta ined  by an a d d itive  fu n c tio n  o f the 
co n tr ib u tio n s  fro m  a ll pa irs, the  in te g ra tio n  over 6  yie lds
cosh.^ { e / 2 k b T )
(2.89)
W T
1 4- W^T^ 1 4- W^T^
where dp{r ,  e) is the  num ber o f pa irs  o f energy separation  e and spacing separation 
r  and is given by (P G )
dp{r ,e )  =  4 7 r N D r ^ d r  (2.90)
P o liak and G eballe have s im p lified  the  p rob lem  by considering the h igh 
tem pe ra tu re  case and reduced the double in te g ra tio n  over r  and 6 to  a single 
in te g ra l over r .  Hence, the  real p a rt o f the  co n d u c tiv ity , Re{cr), is ob ta ined  at 
h igh enough tem pe ra tu re  to  be
Re{<r) =  ( 4 w / 1 2 ) N D N A { e ^ / k B T ) { U . 8  -
r 1 1 (2.91)
< — — arctan[5 .5  x 10“ ^  ^ x w (14.8 — -  In w )^ /^  tanh (6 /2A ;gT )] |
E qua tion  (2.91) p red ic ts  th a t the  frequency dependence o f the  c o n d u c tiv ity  is o f 
the  fo rm  cr oc w" w ith  s % 0.8, a behav iou r w h ich  has been a lready observed in  
m any d isordered m a te ria ls . One o f several discrepancies between the above fo rm u la  
and experim enta l find ings  is the tem pera tu re  dependence o f the  co n d u c tiv ity .
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W h ile  the c o n d u c tiv ity  was found e xpe rim en ta lly  to  increase w ith  tem pera tu re
the theo ry  p red ic ts  th a t i t  should decrease as 1 /T .
The p rob lem  o f a.c. c o n d u c tiv ity  in  d isordered m a te ria ls  has been discussed
by m any au thors  (see, e. g., P o liak  1971, B d ttg e r and B ryks in  1976, B u tche r and
Hayden 1977, E fros 1981). For the case o f Q M T  o f e lectrons, the  re laxa tion  tim e
is suggested to  be given by r  oc e x p (2 a r) . E fros (1981) has tackled the  p rob lem  as
fo llow s. The c o n d u c tiv ity  o f one p a ir  is ca lcu la ted then  an averaging over a ll pairs
is
is pe rfo rm ed. The m a in  p ro p e rty  o f the  pa irs which^considered im p o r ta n t here is
the
th a t the tra n s itio n s  o f e lectrons between^two sites o f the  p a ir  are m uch faster than  
the tra n s itio n s  between any site o f the  p a ir and any o the r site o f the  system. By 
considering a p a ir  as a closed system  w ith  an induced d ipo le  m om ent
(e E .r )  1___________1_
k s T  4 cosh^ e /2 fce T  1 +
d ( w ,e , r )  =  (2.92)
the d ipo le  m om ent o f the  u n it  vo lum e is
P  = J  I  d { i v , £ , r ) F { e , r ) d £ d r  (2.93)
T ( e , r )  is the  d is tr ib u t io n  fu n c tio n  o f pa irs such th a t the  p ro b a b ility  o f fin d in g  
a p a ir  in  a vo lum e con ta in in g  b o th  em pty  and occupied sites w ith  a distance 
between them  w ith in  the range ( r , r  4- dr )  and an a c tiva tio n  energy in  the range 
Q:,£ 4- d£) is given by 4 7 rF (£ , r )d£ r^ .d r .  In te g ra tin g  equation  (2.93) over the  angles 
correspond ing to  the vecto r r  and using equation  (2.80) gives (E fros 1981)
“ ( ' " ? )  /  hsTlosh^’l /L s T
Efros (1981) has used A u s tin  and M o tt  (1969) one-electron a p p ro x im a tio n  in  which 
the energy o f an e lectron on site i  is independent o f the occupa tion  num bers o f a ll 
o the r sites. A cco rd ing ly , the d is tr ib u tio n  fu n c tio n  F (e , r )  was found  to  be given
by
r )  =
 ^ ’ ’  ta i*(e /2 fcB B )
Thus equation (2.94) becomes
o-(w) =  ^ € ^ k B T g l { ^ ) ^ u ) \ r \ ' ^ ( ^ t y p h / ^ ^  (2.95)
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B o ttg e r and B ryks in  (1976) have ob ta ined a s im ila r equation . The  same func tiona l 
fo rm  (o f the  frequency and tem pe ra tu re  dependences) was also ob ta ined  by 
d iffe ren t au tho rs  (see, e.g., P o liak 1971, M o tt  and D avis 1979). The frequency 
dependence o f the  c o n d u c tiv ity  p red ic ted  by the  Q M T  then  can be w r it te n  as
5 =  j r — (2.96)
a m  w
Hence,
A cco rd ing ly , the Q M T  m odel pred ic ts  th a t s is less than  u n ity  ( ty p ic a lly  s % 0.8 
fo r w % lO'^ Hz and i^ph =  10^^ Hz) and is tem pera tu re -independen t b u t frequency- 
dependent, 5 decreases w ith  increasing frequency. On the  o the r hand, the  Q M T  
p red ic ts  th a t cr(w) is on ly  w eakly tem pe ra tu re  dependent.
P o liak  (1971) was the f irs t  to  consider the effect o f in te rs ite  co rre la tion  
between electrons on ne ighbou ring  sites. Subsequently, E fros (1981), Long (1982) 
and m ore recen tly  E fros and S hklovsk ii (1985) have dea lt w ith  th is  p rob lem . The 
p a ir  a p p ro x im a tio n  is also invoked in  the discussion o f co rre la tio n , since i t  is 
suggested th a t the  in te rs ite  C ou lom b in te ra c tio n  affects ju s t the  close neighbours, 
(i.e ., pa irs  o f sites), the  C ou lom b in te ra c tio n  is assumed to  be screened ou t fo r 
fu r th e r  ne ighbours and hence the occupation  o f a given site by an e lectron is 
assumed no t to  affect the  occupa tion  o f such fu r th e r  ne ighbouring  sites. For th is  
case E fros finds th a t the  d is tr ib u tio n  fu n c tio n  F { e , r )  is g iven by
T ( 6 , r )  =  5fo(e 4-------)
er
A cco rd ing ly , the  c o n d u c tiv ity  takes the  fo rm
— Y^o (2.98)
3 \ 2 y  e \  W /
The frequency dependence is m ore pronounced in  th is  case as
.  =  1 -  (2.99)
F u rth e r developm ents o f the  theo ry  o f a.c. c o n d u c tiv ity  in  lig h t ly  doped
sem iconducto rs described by PG have been m ade by G o lin  (1963); P o liak  (1964);
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B aranovsk ii and Uzakov (1980, 1981). The m a in  idea beh ind  the mechanism 
used by these au thors  is the  same as th a t o r ig in a lly  proposed by P G , i. e., pairs 
o f im p u r ity  centres, one fille d  and one em pty, are considered and the  e lectron 
states are assumed to  be localized at the sites. In  presence o f the  e lectric  fie ld , 
p o la riza tio n  is created by e lectron jum ps  in  the pa irs fro m  the occupied to  em pty 
sites. The c o n tr ib u tio n  made to  the co n d u c tiv ity  by one p a ir averaged over all 
o rien ta tion s  o f a p a ir  re la tive  to  the fie ld  d ire c tio n  is given by (2.89). I t  has been 
shown by P o liak  and W a tt (1965) th a t in  the  process o f in te g ra tio n  w ith  respect 
to  r  the  te rm  [ u j t  - f ( a ; r ) ~ ^ ] “  ^ can be replaced by 7ru6(r — rw ) /4 , and the te rm  
(1 4- w ith  6{ r^^ — r ) ,  where 6 ( x ) = 0  fo r æ <  0 and 0 { x )  =  l  fo r % > 1 .
B a ranovsk ii and Uzakov (1981) have considered the case o f low  
tem pera tu res when k s T  is m uch less th a n  e^/er£) w h ich  is the  energy o f the 
C ou lom b in te ra c tio n  when the average d istance between donors is t q . They 
assumed th a t on ly  the donor nearest to  the acceptor is ion ized on co n d itio n  th a t 
its  d istance from  the acceptor does no t exceed =  e^ /e /i where (i is the  Ferm i 
energy. The case when there are tw o  ion ized donors near an acceptor is ignored. 
F o llow ing  B a ranovsk ii and Uzakov, the  c o n d u c tiv ity  o f the  system  is found by 
in te g ra tin g  da  over a ll values o f r  and 6, m u lt ip ly in g  by the  p ro b a b ility  th a t in  a 
u n it  vo lum e a p a ir o f one fille d  and one em p ty  site can be found  w ith in  a distance 
r  to  r  4- d r and specified by energy in  the range e to  e 4- de. T h is  p ro b a b ility  has 
been denoted by 47f^F(e, r)d rd e . W ith  a s im ple shape o f the  d is tr ib u t io n  fu n c tio n  
F ( e , r )  these au thors have ob ta ined  the  real p a rt o f the  c o n d u c tiv ity  to  be given
by
2 /  \  4
(2 .100)
where K  is the  com pensation ra tio , r  and a are measured in  un ites o f Ub T
is measured in  u n its  o f and I { K , r , T )  was ca lcu la ted by num erica l
in te g ra tio n  (B a ranovsk ii and Uzakov 1980).
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2.8 E xten d ed  Pair A p p rox im ation  and Scaling formula:
B u tche r (1980) has used the M A  equiva lent c irc u it to  generate a rate 
equation . A fin ite  a rray o f Ng sites in  a m acroscopic vo lum e f t  is considered. Each 
site m ay be occupied by one arid on ly  one e lectron. T h is  system  is then  assumed 
to  be sub jected to  an e lectric  fie ld  E  ex p {—iuj t )  in  the  x -d ire c tio n . A ccord ing  
to  B u tche r (1980) (see also Sum m erfie ld  and B u tche r 1982), the  ra te  equations 
linearized  in  E  are given by
- i u iC i ( ^ V i  +  E x ? j  =  Y . 9 i j { v i  -  (2.101)
where sites are labe lled  by indices i .  Here, the voltages Vi are re la ted to  the fie ld  
p e rtu rb a tio n  o f the  s ite -occupa tion  p ro b a b ilit ie s , the  capacitance C{ associated 
w ith  site i  is de te rm ined  by the  e q u ilib r iu m  occupa tion  p ro b a b ility  o f th is  site 
and is a fu n c tio n  o f the  energy £{, the  conductance g{j  (between tw o  sites i  and 
jf) is de te rm ined  by the e q u ilib r iu m  occupa tion  p ro b a b ilit ie s  o f sites i  and j  and 
the tra n s it io n  ra te  between them  and the voltage generators —E x i  accounts fo r 
the  app lied  fie ld . E q u a tio n  (2.101) is id e n tica l w ith  K irc h h o ff ’s equations fo r the 
M ille r-A b ra h a m s  equ iva lent c irc u it. The le ft-h a n d  side o f th is  equation  is the  tim e  
de riva tive  o f the  e lectric  charge on site i .  Hence, by ca lcu la ting  the tim e  deriva tive  
o f the  m acroscopic p o la r iza tio n  Sum m erfie ld  and B u tche r (1982) ob ta ined
^  ~  2 f l E  (2.102)
i
where
Vii =  Fi -  Vj (2.103)
Xi j  =  Xi — Xj  (2.103a)
The real p a rt o f the  c o n d u c tiv ity  then is w r it te n  as (B u tch e r and Sum m erfie ld
1981, Sum m erfie ld  and B u tche r 1982)
/fe,T(w) = Ç  ga I Vii r  (2.104)
i j
The a.c. c o n d u c tiv ity  in  a p a ir  a p p ro x im a tio n  (S um m erfie ld  and B u tche r 1982) 
is ob ta ined  by considering tw o  a rb itra ry  sites labe lled  1 and 2, and neglecting all
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conductances except g i 2 i then  eqn. (2.101) takes the  fo rm
E x i ^  =  —g i 2 f i 2 (2.105)
— ZwC2 ^^2  E x 2 ^  =  —^ 12^12 (2.105a)
Hence
ki2  =  ~ E x \ 2  /  Z j ,g i 2 (2.106)
where the  im pedance Zp is g iven by
^  ^  (2.107)
g i 2 iu)L>\ iu)Ü2
E q u a tio n  (2.106) is the  e lem entary p a ir  a p p ro x im a tio n  to  V12. W hen u; —^ 0, 
Zp —> 00 and V12  0, thus one ob ta ins no d.c. co n d u c tiv ity . However, when
w 0, and g -^2 0, V12 —> —E x i 2 - There fore , the  p a ir a p p ro x im a tio n  is consistent
w ith  the m acroscopic bound a ry  co n d itio n  p rov ided  th a t w ^  0.
The fa ilu re  o f the  p a ir a p p ro x im a tio n  theo ry  to  account fo r the  d.c. l im it  
o f the co n d u c tiv ity , (when w =  0), led B u tche r and Sum m erfie ld  (1981) (BS) (see 
also Sum m erfie ld  and B u tche r 1982 (S B )) to  w ork ou t the  effect o f the  exte rna l 
ne tw ork  on the p a ir labe lled  1 and 2.
In  the exact equations fo r Vi and V2 there are a d d itio n a l te rm s on the r ig h t 
hand sides o f (2.105) and (2.105a) w h ich  a llow  fo r b o th  the  cu rre n t flow ing  in to  
o the r sites and the voltage generations E x k  associated w ith  o the r sites. A series 
com b ina tion  o f an adm ittance  Yi and a vo ltage generato r between site i  and 
the g round  w ith  i  =  1 and 2 was proposed to  take in to  account these effects, i.e. 
— T i(V i +  C] ) and — E2(^2 +  62) has to  be added to  the R .H .S . o f equations (2.105) 
and (2.105a). S o lv ing  fo r V'12 y ie lds (SB 1982)
^ 9 1 2  ^ 9 1 2
(2.108)
where
Z  —  f  —------ . +  77------7T  (2.109)
9 i 2 '1  — iüjC'i 12 “  î'taC'2
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I f  the sites are m acroscop ica lly  separated then  one has V1 2  —E x \ 2  fo r sites w ith
Qi2 = 0 .  Consequently, the  q u a n tity  in  the  square brackets should vanish when 
sites 1 and 2 are m acroscop ica lly  separated. In  th is  case one gets
V'12 =  — E x \ 2  /  Z  g i 2 (2 .110)
w h ich  is s im ila r to  eqn. (2.106) except th a t Zp is replaced by Z .
A com plete fo rm a lism  o f the  extended p a ir  a p p ro x im a tio n  has been 
ob ta ined  by BS (1981) who have ca lcu la ted Yi w h ich  represents the  average 
adm ittance  o f the rest o f the  c irc u it to  cu rren t flow ing  ou t o f site i .  i.e ., its  externa l 
adm ittance  seen fro m  site i=~\ averaged over a ll stochastic variables except £i 
and £2 - Since site 2 is assumed to  be rem ote fro m  site 1 , then  Y i =  Y (c i ) and 
I 2 =  Y { £ 2 )> SB 1982 have used a f irs t o rder a p p ro x im a tio n  to  Y { £ i )  g iven by a 
mean fie ld  approach shown in  F igu re  2.2.
Y„
mn
Yn
Figure 2.2
Schem atic representa tion  o f the m ean-fie ld  a p p ro x im a tio n  to  I'm  (SB 1982).
The  A^-1 conductances gi j  connecting site i  to  a ll o the r sites j  and the 
associated capacitances C j  are taken in to  account. The mean value 1 (c i)  replaces
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the  adm ittance  o f the  rest o f the  ne tw ork  seen fro m  site j .  W ith  the system 
averages w r it te n  e x p lic it ly , an extended p a ir a p p ro x im a tio n  equations fo r 1 (^ i)  
and cr(w) in  a 3 -d im ensiona l system are ob ta ined  (SB 1982)
Y i e , )  =  I  d r ,
(2.111)
n poo poo pOO
«■(w) =  - Y  /  9 { ^ j ) d £ j  /  r j j
(2 .112)
 ^ ^  ^ ^  d r .
g { E i , E j , r i j )  Y { E i )  ~  i u ; C{ E i )  Y { E j ) - i u j C { E j )
Recently, S um m erfie ld  (1985) has used the E PA  theo ry  developed by BS and SB 
to  scale the  a.c. c o n d u c tiv ity  in to  its  d.c. l im it  in  a very s im ple  fo rm u la  o f the 
fo rm
a-(0 ,T )  ' ' ^ ( 0 , T ) '  (2.113)
=  f { x )
where w and à  are the angu la r frequency and c o n d u c tiv ity  in  reduced un its  given 
by
w
ÿ ( 0 ,T )  =  ^ S l l l  (2.114)
So a
where 7 *^ is the tra n s it io n  ra te  p re -fac to r, go -  and a  is the wave
fu n c tio n  decay param ete r w h ich is the  rec ip roca l o f the  lo ca liza tio n  leng th . The 
dim ensionless pa ram ete r A  invo lved  in  equation  (2.113) depends on the  site 
s ta tis tics  and the fu n c tio n  f { x ' )  is believed to  be un iversa l and is approx im ated  
by (S um m erfie ld  1985)
f ( x )  =  1 +  (2.115)
S um m erfie ld  exam ined some so lu tions o f the EP A  in  the region o f low -frequency 
response defined as the region where the exponent s (defined as d in  ^ ( w )  /  d l n w )  
is a m o n o to n ica lly  increasing fu n c tio n  o f the frequency w. In  ta ck lin g  the prob lem , 
S um m erfie ld  has considered random  sites in  th ree d im ensions and quan tum  
tu n n e llin g  w ith  tra n s it io n  rates whose spa tia l dependence on in te rs ite  separation 
r  is given by (ar)*^^ e x p (-  2o:r) where the  param ete r f/] is associated w ith  the
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sym m etry  o f the  loca lized wave functions . Using the de fin ition s  o f ô-(w) and tD 
described above, the  E PA  equations (2.111) and (2.112) takes the fo rm
(T w =)  J  g { ^ i ) g {£ 2 )d£ ide 2 W { e i , £ 2 ) I^ "  ( w ( £ i , £ 2 ) ; e i , £ 2 ^  (2.116)
where
and
W { e u € 2 ) =
1 1
[ Y { E i ) - i ù C ( e r  ^  Y { e 2 ) -  i d C { e 2 ) i
- 1
(2.117)
V '(c i)  =
7T
g{£ 2 )de2 y  (£2 ) — idi {e2 )
2a» Be
The in te g ra tio n  ,£ 2 ) is g iven by
I p Y ( £ 2 ) - i d ' C ( e i ) ; e i , E 2 ) (2.118)
I p { z - , £ i , e 2 ) =  J  -
dx
0 1 +  2 e x p [Q (e i, £2) +  æ — i/i In  æ/2]
(2.119)
The a n a ly tica l app rox im a tions  to  are developed by S um m erfie ld  and B u tche r 
(1983). The  func tions  0 ( e ) and Q (£ i, G2) are re la ted  to  the e q u ilib r iu m  site 
occupancy /o (e ) =  1 /  exp /)(s  — /x) +  1 and the e q u ilib r iu m  tra n s it io n  ra te
712(7", 61 , 62) v ia  the  re la tions
7 l2 ( r ,E i,£ 2 ) /o (E i)
In  the M A  theo ry
C{e)  =  M e )
1 -  f o ( ^ 2 )
l - f o { £ )  =  exp
=  7 ® (a r) ‘'  ^ exp
— Q ( e i ,  £ 2 )
— 2 a r  — Q{e i  , £2 )
(2 .120)
(2.121)
exp — Q (£ i , £2 )
/ o ( ^ l ) 1 — /o (^ 2 ) (d[e2 -  £1 )
exp /5(£2 -  ^ l ) -  1
(2.122)
where /3 =  I / U b T.  Sum m erfie ld  shows th a t resu lts o f the  extended p a ir 
a p p ro x im a tio n  (E P A ) ca lcu la tions fo r d iffe ren t models w ith  various density  o f 
states d is tr ib u t io n  appear very s im ila r in  such a way th a t i t  scales as (2.113). 
The  exponent (0.725) in  equation (2.115) is a m edian fixed  by t r ia l and e rro r 
(S um m erfie ld  1985).
-  47  -
2.9 Som e asp ects  related  to  M eta l-Insu la tor  Transition  in D op ed
Sem iconductors:
I t  has been well established th a t a m e ta l- in su la to r (M I)  tra n s it io n  in  doped 
sem iconductors could be induced by va ry ing  the concen tra tion  o f the  im p u r ity  
centres in  the  m a te ria l. T h is  has been extensive ly s tud ied  in  m a te ria ls  such as Ge 
and Si (see, e.g., M o tt  1974, M o tt  and Davis 1979, Resenbaum et al. 1980, 1983, 
N ewm an and H olcom b 1983, H irsch and H olcom b 1987). M o tt  (1949) was the  firs t 
to  show th a t th is  tra n s it io n  occurs at a ce rta in  value o f the  im p u r ity  concen tra tion  
given by
( N ‘ a ÿ  y =  0.25 (2.123)
E xp e rim e n ta l evidence th a t th is  law  is w ell obeyed has been shown by m any 
au tho rs ( see, e.g., E dw ards and Sienko 1978) w ith  the r ig h t hand side o f equation 
(2.123) be ing 0.26 ±  0.05.
M l- t ra n s it io n  can be observed in  doped sem iconducto rs no t on ly  by va ry ing  
the im p u r ity  concen tra tion  b u t also i t  cou ld be induced by a p p ly in g  an exte rna l 
agents such as a m agnetic  fie ld . The  basic effect o f i t  on a hyd rogen -like  atom  
is to  sh rink  the B o h r ra d ii o f the  donor wave func tions  and to  increase the 
b in d in g  energy o f the donor centres. T h is  effect has been a lready described by 
the dim ensionless pa ram ete r 7  (see section 2.2). In  m a te ria ls  such as n -InS b , 
in d u c in g  M l- t ra n s it io n  by va ry ing  the concen tra tion  o f donors seems to  be qu ite  
d if f ic u lt .  T h is  comes fro m  the fact th a t the  d ie lec tric  constant o f th is  m a te ria l is 
large ( ~  17.64) and the effective mass o f the  e lectron is so sm all (m ^ =  0.0145mo). 
T h is  gives a large effective B o h r rad ius (~  650.4). However, the  p o ss ib ility  o f 
changing the spa tia l exten t between donors using a reasonable m agnetic  fie ld  makes 
i t  possible to  induce the M l- tra n s it io n  and consequently p u tt in g  the m a te ria l on 
the  in s u la to r side. T h is  excellent to o l has been used successfully by m any authors 
(see fo r exam ple, Ferre et al. 1975; M ansfie ld  et al. 1985; A b d u l-G a d e r et al. 
1987). The  m agnetic  fie ld -induced  m e ta l- in su la to r tra n s it io n  in  o the r m ateria ls  
such as In P  and Si has also been repo rted  by m any au thors  (see, e. g., B iskupski 
et al. 1984, Long and Pepper 1984, 1985). A ccord ing  to  Ish id a  and O tsuka (1977),
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fo r m oderate  com pensation ra tio , ( ~  0.5), the  m agnetic  fie ld  induced M l- tra n s it io n  
occurs at a c r it ic a l (th resho ld ) value Her  w h ich  can be deduced fro m  the fo rm u la
/
( A ' D a i i a i j  =  0.26 (2.124)
where N j j  is the donor concen tra tion , ay and a±  are the Y K A  param eters. Th is  
equation is s im p ly  M o t t ’s c r ite r io n  (2.123) w ith  allowance to  the  an iso tropy o f the 
donor w avefunction  due to  the m agnetic fie ld . R obe rt et al. (1980) have shown
th a t the  c r it ic a l fie ld  fo r weak com pensated m a te ria l can be evaluated fro m  the
re la tio n sh ip
/  \  0 . 8 4
o^ [ N d - N a ] (2.125)
where N a is the  acceptor concen tra tion . In  the present w ork , the  m agnetic- 
fie ld -induced  M l- tra n s it io n  w il l  be em ployed to  locate the  n -InS b  samples on the 
in su la to r side o f the  M l- tra n s it io n  so as the a.c. hopp ing  c o n d u c tiv ity  and re la ted 
phenom ena can be investiga ted .
The conduction  in  the in su la tin g  state o f doped sem iconducto rs is o f an 
activated na tu re . In  the m e ta llic  state however the conduction  has a f in ite  value 
ctq at T  —> 0. A cco rd ing  to  the  scaling fo rm u la  o f lo ca liza tio n  given by Abraham s 
et al. (1979) (see also Rosenbaum  et al. 1983) ctq tends con tinuous ly  to  zero as 
the e lectron concen tra tion  approaches the c r it ic a l value;
(2.126)
where c' is a constant and Ic is a scale leng th  d ive rg ing  as n  —> ric,
1 ) - '  (2.127)
72 f.
1/ here is a c r it ic a l exponent and Iq is the value o f Ic fa r fro m  M l- tra n s it io n .
In  s tu d y in g  M l- tra n s it io n  fro m  the in s u la to r side, the  va ria tio n  o f the 
d ie lec tric  constant w ith  donor contents has been investiga ted . C astner et ai. 
(1980) have observed an enhancem ent in  the d ie lec tric  constant as the excess 
donors { N o  — N a ) in  n-Ge is increased. A g radua l lin e a r increase in  the d ie lectric  
constant above the  host c rys ta l d ie lec tric  constant is observed w h ich  then becomes
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very ra p id  as the  concen tra tion  is increased tow ards the c r it ic a l value. I t  has 
been suggested th a t the  scaling theo ry  o f lo ca lisa tion  p red ic ts  th a t the  d ie lec tric  
constant e should d iverge as the  c r it ic a l concen tra tion  is approached (see e. g., 
Ionov et al. 1983 and Thom as 1983). The va ria tio n  o f the  d ie lec tric  constant w ith  
concen tra tion  has also been repo rted  by C apizzi et al. (1980). C ap izz i et al. have 
used a scaling fo rm u la  o f the  fo rm
6 =  e < ; ( ^ - l j  (2.128)
to  discuss th e ir  resu lts , and they  found th a t the  pa ram ete r u'  is tw ice  the 
theo re tica l p red ic tions , [u '  =  2u).  S im ila r results were found  by Ionov et al. 
(1983).
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C H A P T E R  3 
Experimental Technique And Details
3.1 Sam ple P rep aration  :
The disc-shaped n -InS b  samples used in  the a.c. m easurem ents were cut 
fro m  in g o t slices (supp lied  by M C P  E lec tron ic  M a te ria ls  L td .,  E ng land ) by a spark 
erosion m achine. For concen tra tion  and com pensation ra tio  ( K )  m easurem ents, 
bar-shaped samples were prepared fro m  the same in g o t slices. 2-5 f im  fine a lum ina  
pow der was used to  po lish  the  samples and g r in d  them  to  the ap p ro p ria te  size. 
They were then cleaned in  an u ltrason ic  cleaner fo r at least tw o  hours. A standard  
CP4 so lu tion  (m ade up o f a m ix tu re  o f h y d ro flu r ic , n it r ic  and acetic acids in 
ra tios  3 : 5 : 3) was then  used as an etchant to  remove surface damage and 
fo r e x tra  cleaning o f the  specimens. I t  has been po in ted  ou t by M ansfie ld  and 
K uszte lan  (1978) th a t as the tem pe ra tu re  is lowered o r the  m agnetic  fie ld  is 
increased, the  resistance increases so th a t the m a te ria l becomes a near in su la to r. 
These au thors  have repo rted  th a t the  h igh  b u lk  resistance o f the  sam ple could be 
masked by a surface conducting  layer unless su itab le  precautions are taken. T h is  
w ork confirm s th is  conclusion and care fu l e tch ing  is im p o rta n t and necessary to  
avoid the  surface conducting  layer. M ansfie ld  and K uszte lan , also suggested th a t 
re s is tiv ity  m easurem ents could be extended to  h igher re s is tiv ity  by using disc­
shaped samples instead o f the bar-shaped ones w h ich  are used n o rm a lly  in  e lectrica l 
measurem ents. Good agreement between measurements w ith  bar-shaped and disc­
shaped samples were repo rted  by m any au thors (see, fo r exam ple, T okum o to  et 
al. 1982 and W a lton  and D u tt  1977).
The disc-shaped samples were e lectrop la ted  w ith  pure  in d iu m  as follows. 
Samples were coated w ith  K odak  K P R 3  pho to res is t va rn ish , d ried  fo r at least 
4 hours and then they  enveloped in  masks (Scribecoat A ceta te  F ilm )  w ith  two 
id e n tica l opaque circles fac ing the fla t surfaces o f the  samples. For experim enta l 
reasons, the  d iam ete r o f the  opaque circ le  was chosen to  be in  the  range o f 5
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m m  to  6.5 m m  depending on the ca rrie r concen tra tion . Specimens then  were 
exposed to  an U V  lig h t fo r about 5 m inutes. T h is  process is necessary to  harden 
the pho tores is t apa rt fro m  the w e ll p ro tected  areas fac ing the  opaque circles. 
W ith  the samples taken ou t o f the  the masks, K P R 3  developer was app lied  to  
dissolve the  unhardened parts  o f the  pho tores is t. T h is  step leaves the specimens 
coated w ith  K odak  K P R 3  photores is t varn ish  except tow  opposite  c ircu la r areas 
on each sample. In d iu m  p la tin g  so lu tion  was used to  e lec trop la te  the  samples 
w ith  the  cu rren t be ing % 25 m A  d u rin g  th is  process. A  p la tin u m  w ire  (o f 0.13 
m m  d iam e te r) was soldered to  one e lectrop la ted  c ircu la r spot w ith  pure in d iu m  
using a fine so ldering iro n  and a pp ly ing  ’’ S upe rio r”  No. 30 flu x , w h ile  the o the r 
c ircu la r spot was soldered on to  a head o f a copper screw and the screw was then 
f irm ly  bo lted  to  the  specimen ho lder. F in a lly , the  pho to res is t w h ich  was p ro tec ting  
the sam ple d u rin g  p la tin g  and so ldering processes was rem oved by using ”  ana la r” 
q u a lity  acetone. The  res idua l f lu x  was then  removed.
T he bar-shaped samples used fo r concen tra tion  m easurem ents, a fte r being 
etched w ith  the  CP4 so lu tion , were p rov ided  w ith  cu rren t and p o te n tia l probe 
leads o f p la t in u m  or 40 SW G enam elled copper w ires. A pure  in d iu m  solder was 
used to  make the so ldering and the  superio r f lu x  No. 30 was app lied . Specimens 
were then  washed th o ro u g h ly  to  remove the res idua l f lu x  so th a t the  effects o f the 
surface co n ta m in a tio n  could be avoided.
The  bar-shaped n -In P  samples used in  d.c. m easurem ents were prepared 
fro m  in g o t slices supp lied  by the same supp lie rs m entioned above. Surfaces o f the 
specimens were po lished w ith  0.25 f im  d iam ond  com pound and then  u ltra so n ica lly  
cleaned in  ana la r acetone. C u rre n t and p o te n tia l probes were m ade by the  same 
way as exp la ined above.
For the ca rrie r concen tra tion  and com pensation ra t io  measurem ents, a 
conventiona l '^He cryos ta t has been used. The  excess donor concentra tions 
N o  — N a fo r the  n -InS b  samples were de te rm ined fro m  the  H a ll coefficient 
measured a t 77 K  and N o  4- N a  fro m  m easurem ents o f the  c o n d u c tiv ity  in  the 
tem pe ra tu re  range 10-30 K  where im p u r ity  sca tte ring  dom inates and the Brooks-
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H erring  theo ry  can be used (M ansfie ld  and K uszte lan  1978).
The values o f N ^  — N a  o f the  n -In P  samples were o r ig in a lly  de te rm ined from  
the H a ll coeffic ient m easurem ents at 77 K . The com pensation ra t io  K  =  N a / N d  
fo r each sample was determ ined fro m  the re s is tiv ity  in  zero m agnetic  fie ld  over the 
tem pe ra tu re  range 10 to  300 K . The deta ils  o f the  procedure has been explained 
by M ansfie ld  et al. (1988).
3.2 Sam ple H older and S u p ercon d uctin g  m agnet:
The disc-shaped n -InS b  samples were m oun ted  on the p la tfo rm  o f a m u lt i­
p illa r  sam ple ho lde r in  a pa ra lle l co n fig u ra tio n  w ith  respect to  the  m agnetic  fie ld , 
w h ile  the  bar-shaped n -In P  samples were m oun ted  in  pa ra lle l then  pe rpend icu la r 
arrangem ents so th a t b o th  lo n g itu d in a l and transverse res is tiv itie s  were measured. 
The sam ple ho lde r is m ade up fro m  one-piece o f oxygen-free h igh  co n d u c tiv ity  
copper rod  (O F H C ). T h is  sample ho lder has been designed in  such a way to  
accom m odate disc- and bar-shaped samples s im ultaneously. A  schem atic d iag ram  
o f the  sample ho lde r is given in  F igu re  3.1. The  ho lde r is f irm ly  fixed  to  the  m ix in g  
cham ber o f the  ^H e-‘^ He d ilu t io n  re fr ig e ra to r (D R ) v ia  a screw w h ich  is a p a rt fro m  
the same sample ho lder.
The  e lec trica l te rm ina ls  fo r the  a.c. measurem ents are fo rm ed fro m  tw o 
coaxia l cables in  the D R . The w ires com ing ou t o f the  samples were soldered to  
the coaxia l cables v ia  40 SW G copper w ires w h ich  were th e rm a lly  anchored to  the 
body o f the  sample ho lder w ith  a very th in  layer o f GE7031 varn ish . A l l  the  w ires 
as w ell as the samples were e lec trica lly  iso la ted fro m  the the  body  o f the  D R .
For the  d.c. m easurem ents a sm all te flon  b lock was fixed  on the  sample 
ho lder. The w ires com ing ou t o f the  bar-shaped samples were soldered in to  the 
ends o f the  te rm ina ls  on the te flon  piece to  w h ich  a bunch o f 40 SW G copper wires 
were soldered and then th e rm a lly  anchored to  the  body o f the  sample holder. 
These w ires are soldered to  superconducting  w ires w h ich  ran  up to  the  4.2 K  
flange in  the  D R .
To m in im ize  the th e rm a l ra d ia tio n , a sm all c y lin d r ic a l ho llow  jacke t made
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Figure 3.1
A Schematic diagram o f the sample holder with a disc-shaped in position.
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up fro m  the  same m a te ria l as the sample ho lde r its e lf was f it te d  f irm ly  to  a shoulder 
on the sample ho lder in  such a way th a t the  samples can be accom m odated securely 
ins ide i t .  The  eddy curren ts  due to  the usage o f h igh  m agnetic  fie lds were reduced 
by p ro v id in g  th is  c y lin d r ica l jacket w ith  a very na rrow  s lit a long its  axis. An 
a d d itio n a l copper ra d ia tio n  shie ld concentric w ith  the  m a in  vacuum  cham ber o f 
the  D R  was also used to  m in im ize  the ra d ia tio n  effects. T h is  ra d ia tio n  shield was 
anchored to  the  s t i l l  cham ber o f the  D R .
The  superconducting  m agnet used in  the present w o rk  was designed (by 
O x fo rd  In s tru m e n ts ) to  give a m a x im u m  value o f 70 kG  at its  centre at a ra te  o f 1.38 
k C /A m p . Three , (1-ohm , 10 W a tt) , resistors across the m agnet te rm ina ls  were 
used to  p ro tec t the m agnet against quenching. F igu re  3.2 shows the ca lcu la ted fie ld  
v a ria tio n  w ith  d istance along the axis fro m  the centre o f the  co il. E xpe rim en ta l 
po in ts  p rov ided  by the m a nu fac tu re r fo r the  p ro file  are also shown on the same 
figure . The  figu re  shows th a t the  dev ia tion  in  the  s treng th  o f the  fie ld  at a d istance 
o f about 1cm fro m  the centre is less than  1.5%. The samples were located as m uch 
as possible at the  centre o f the  superconducting  coil.
3.3 D ilu t ion  R efrigerator and T herm om etry:
M easurem ents were carried  ou t in  a ^He - ^He d ilu t io n  re fr ig e ra to r (D R ). A 
fu l l descrip tion  o f the  D R  is given in  m any low  tem pe ra tu re  technique books (see, 
fo r exam ple, Lounasm aa 1974). In  b rie f, the  p rinc ip les  o f ope ra tion  o f ^He - ‘^ He 
d ilu t io n  re fr ig e ra to r are as fo llow s. F irs tly , the  system is pre-cooled down to  the 
n itrogen  tem pe ra tu re  (77 K ) and then  down to  the  “^ He tem pe ra tu re  (4.2 K ) . The 
^He po t is pum ped t i l l  its  tem pe ra tu re  reaches 1.2 K . As the  ^He - ^He m ix tu re  
is in tro d u ce d  to  the  d ilu t io n  u n it  i t  liqu ifie s  in  the m ix in g  cham ber. W hen the 
condensation is com plete, the  m ix tu re  is cooled fu r th e r  by continuous p u m p in g  on 
the s t i l l  cham ber and hence ^He-'^He m ix tu re  u n t i l  at 0.8 K  the  m ix tu re  separates 
in to  a ^H e-rich  phase flo a tin g  on the  top  o f a ^H e-rich  phase. C oo ling  now 
occurs because the  ^H e-rich  phase has supe rflu id  p roperties  and the ^He atoms 
dissolved in  i t  behave as a Ferm i gas and can move free ly th ro u g h  it .  ^He atoms
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F igure 3 .2
The variation o f the magnetic field w ith  the distance along the axis o f the 70 k G 
superconducting magnet. The solid line is the calculation from  the form ula that relates H  
and I  for a solenoid. The circles are the experimental points provided by the manufacturer.
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there fore  evaporate across the  phase bound a ry  thus coo ling  the  m ix tu re . They 
are then removed fro m  the s t i l l  by the  continuous p u m p in g  and subsequently 
recondensed v ia  a series o f heat-exchangers in to  the m ix in g  cham ber. Under 
o p tim u m  cond itions , the  lowest tem pe ra tu re  a tta ined  by th is  p a r t ic u la r  fridge  is o f 
the  o rder o f 30 m K , however, in  these experim ents and due to  the  h igh  m agnetic 
fie ld  invo lved  in  m easurem ents, the  lowest tem pe ra tu re  achieved was about 40 
m K . Changes in  the m agnetic  fie ld  also cause eddy cu rren ts  and th is  makes low 
constant tem pera tu res d if f ic u lt  to  be sustained. There fore , i t  is advisable to  carry 
ou t m easurem ents by changing tem pera tu re  o f the  m ix in g  cham ber in  a constant 
m agnetic  fie ld .
For tem pe ra tu re  m easurem ent when T  >4 .2  K , a ca lib ra ted  carbon glass 
res is to r was used. T h is  the rm om e te r is th e rm a lly  anchored to  the sample holder. 
The  tem pe ra tu re , T , was de te rm ined fro m  a.n R  — T  c a lib ra tio n  ob ta ined  fro m  a 
least-square f i t t in g  to  an e m p irica l fo rm u la
9
l n T =  y ] a „ ( l n f l ) "  (3.1)
n = 0
I t  should be po in ted  ou t th a t the  effect o f the  m agnetic  fie ld  on the resistance o f 
the  carbon glass the rm om e te r is com plica ted  and i t  tu rn s  ou t to  be d if f ic u lt  to  
o b ta in  q u a n tita tiv e  corrections fo r the  sample tem pera tures. A tte m p ts  were made 
to  m in im ize  these effects by anchoring  the the rm om e te r at abou t 13 cm fro m  the 
centre o f the  m agnet.
For tem pera tu res <  4.2 K , tw o  grade 1002 carbon Speer resistors were used; 
R8 (4 7 0 n , l/2  W a tt)  and R4 (1 0 0 0 ,1 /2  W a tt) ,  above and below 1 K  respectively, 
b o th  th e rm a lly  anchored to  the sample ho lde r at about 13 cm away fro m  the centre 
o f the m agnet where the  m agnetic  fie ld  s treng th  is very sm all (less than  2 kG i f  
the m a x im u m  fie ld  is 70 kO  at the  centre o f the  co il). R8 was ca lib ra ted  against 
a carbon glass (628) res is to r and checked against the  sa tu ra ted  vapour pressure o f 
^He. The res is to r R4 had been ca lib ra ted  against a C M N  m agnetic  suscep tib ility , 
® ®Co-nuclear-orientation, S uperconducting  Reference M a te ria l (S R M )767 u n it and 
ca lib ra ted  G e-therm om eter. The ca lib ra tio n  curves R (T )  fo r R8 and R4 are shown
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in  F igures 3.3 and 3.4; the  curves are a least-square f i t  o f the  ca lib ra tio n  po in ts  to  
the fo rm u la
— =  aR  4- 6>/R -f c (3.2)
M easurem ents o f the  resistances o f the  the rm om eters  used in  th is  w ork were 
made by an AVS-45 A u to m a tic  Resistance B ridge  (m ade by R 4 -E le c tro n ikka  Oy 
o f F in la n d ), and f it te d  w ith  a B C D  da ta  trans fe r op tio n . To m in im ize  the Joule 
heating , the  e xc ita tio n  voltage o f the  b ridge  was chosen so th a t power d iss ipa tion  
in  the sensor d id  no t exceed 10“ ®^ W a tt and even less th a n  th a t ( ty p ic a lly  10“ ^  ^ - 
W a tt)  fo r tem pera tu res  <0.1  K . The b rid g e ’s reso lu tion  over the resistance 
range o f in te res t was 0.1 H and errors in  the  m easurem ent o f tem pe ra tu re  were 
estim ated  to  be 1.5% fo r T  <1  K  and 1% fo r T  >1  K .
A n a.c. W heats tone  C ryob ridge  S72 (m anu fac tu red  by the  Czechoslovak 
Academ y o f Science) was em ployed to  m o n ito r the  resistance o f one o f the  resistors 
on the sample ho lde r, depending on the tem pe ra tu re  range and gives a d.c. 
o u tp u t vo ltage w h ich , in  tu rn , is d ire c tly  re la ted  to  the  d ifference between the 
requ ired  tem pe ra tu re  o f the  sample ho lde r de te rm ined by the resistance set on 
the cryobridge , and its  ac tua l tem pera tu re . The  e rro r signal was in troduced  as 
an in p u t to  an O x fo rd  In s tru m e n ts  D ig ita l T em pera tu re  C o n tro lle r (D T C 2 ) w hich 
has the c a p a b ility  o f p ro p o rtio n a l, de riva tive  and in te g ra l ac tion  and regu la ting  
the vo ltage app lied  to  a heater on the sam ple ho lder.
3.4 E lectrical M easurem ents:
3.4.1  D irect  C urrent M easurem ents:
For the  d.c. re s is tiv ity  and H a ll coeffic ient m easurem ents o f the  n -InP  
samples a conventiona l fo u r-te rm in a l d.c. e lec trica l m e thod  was used. A  typ ica l 
c irc u it d iag ram  is shown in  F igu re  3.5. H igh  q u a lity  E lm  a ro ta ry  switches were 
used in  th is  c irc u it. The  d iffe ren t com ponents o f the  c irc u it were enclosed in  a 
m eta l box so th a t the  p ick -up  prob lem s can be reduced. The requ ired  re s is tiv ity
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C alibration curve o f the R8 speer resistor used for measurements o f the temperatures 5 
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Calibration curve o f the R4 speer resistor used for meaisurements o f the temperature below 
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was ca lcu la ted fro m  the fo rm u la
where V^p and are the  voltage drops across a leng th  t  o f the  sam ple, (w h ich 
has a cross section w t ) ,  and a series standard  resistance Rgt- On the o the r hand, 
the  H a ll coeffic ient R h  was ca lcu la ted fro m  the re la tio n
R H  =  R a f T f ^  (3-4)
Vgt
where t is the th ickness o f the  sample a long the fie ld  d ire c tio n  H  and Vf j  is the 
H a ll vo ltage developed across the H a ll probes. Voltage drops across the  sample and 
the s tandard  resistance were measured w ith  K e ith le y  174 D V M  ( in p u t resistance 
o f 10® f2), K e ith le y  195A D V M  ( in p u t resistance o f 10^^ f i )  o r 616 e lectrom eter 
( in p u t resistance greater th a n  2 x  IG^^H).
3.4 .2  A ltern atin g  Current M easurem ents;
T he a.c. conductance G and the  capacitance C  o f the  n -type  InSb samples 
were measured using a P recis ion C apacitance-M easurem ent System  (type ; 1621 
G eneral R ad io ). The  tra n s fo rm e r-ra tio -a rm  c irc u itry  o f the  b ridge  assures th a t 
3 -te rm in a l measurements can be m ade accurate ly. A  capacitance to  ground as 
h igh as 1 / iF  produces an e rro r o f on ly  0.03% in  the m easurem ent o f a 1000 pF  
capacito r.
A w ide range o f capacitances can be measured ex tend ing  fro m  the  reso lu tion  l im it  
o f 0.1 aF (10 “  ^ p F ) to  a m a x im u m  o f 10 ^ F  w ith  in te rn a l s tandards, o r fu r th e r 
w ith  ex te rna l s tandards. The conductance also can be m easured in  a w ide range 
extend ing  fro m  0:1 f  m ho to  a m a x im u m  o f 1 m  m ho, a range o f 1 to  10^^.
T he 1621 P recision C apacitance-M easurem ent System  consists o f 1616 
P recis ion C apacitance B ridge , 1316 O sc illa to r and 1238 D e tec to r. The  B C D  
o u tp u ts  o f the  b ridge  were em ployed fo r a u to m a tic  da ta  processing via a 
’’ U n ive rsa l C .P .I.B . In te rface ”  u n it  (m ade by M r. A .K . B e tts  in  the  departm en t 
e lectron ic  w orkshop). The  o u tp u t m easuring vo ltage o f the  b ridge  was measured 
by a P recis ion 9503 L o c k - in -A m p lif ie r  and the signal was kept as low  as possible
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to  ensure th a t the resistance o f the samples stays in  the ohm ic region. W ith  the 
help o f the  synchron iz ing  c irc u it, the  1316 O sc illa to r was conven ien tly  connected 
to  a m ore stable counter (P M  6615, P h ilip s ) the  o u tp u t o f w h ich  was transfe rred  
to  the da ta  processing system.
The  real p a rt o f the a.c. co n d u c tiv ity , cr(w), was de te rm ined fro m  the 
re la tio n
<T — G — (3.5)
a
where i  and d are the th ickness and cross section o f the  disc-shaped sample and 
G is the  measured conductance.
The d irec t cu rren t (d .c .) c o n d u c tiv ity  o f these samples were measured using a 
balance m ethod , the  c irc u it d iag ram  o f w h ich  is shown in  F igu re  3.6. A  K e ith le y  
616 e lectrom eter was em ployed as a n u ll de tector. The d.c. c o n d u c tiv ity  was 
deduced fro m  the  fo rm u la
W here Rgt is the  value o f the  standard  resistance invo lved , Vgt and Vgp are the 
p o ten tia ls  across the  s tandard  resistance and the sam ple respectively.
E le c tr ica l measurements in  real systems m ig h t be sub jected to  some 
d ifficu ltie s  associated w ith  the  app lied  vo ltage across the sam ple, d im ensions, 
p re p a ra tio n , h and lin g , etc. o f the  sample. Factors w h ich  m ig h t affect the  d.c. 
e lec trica l m easurements could be sum m arised as fo llow s:
(a) M isa lignm en t o f the H a ll probes causes a real p rob lem , and the resu lt o f 
th is  m isa lignm en t, i f  any, is th a t a com ponent o f the  m agnetoresistance 
w il l  be m ixed w ith  the the H a ll signal. W ith  an averaging procedure th a t 
inco rpora tes m easuring the H a ll voltages fo r opposite  cu rre n t and m agnetic 
fie ld  d irec tions  (W iede r 1979) th is  p rob lem  could be overcome.
(b ) T h e rm oe lec trom o tive  force is ano the r p rob lem  in  the  re s is tiv ity  
measurem ents. T h is  the rm oe lec trom o tive  force is due to  various d iss im ila r
-  G3 -
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F ig u re  3 .6
The circuit diagram of the balance bridge used for the d.c. resistiv ity o f the n-InSb disc­
shaped samples.
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m etals w hich connects the sample ho lder up th ro u g h  the D R . I t  can be 
e lim in a te d  i f  one reverses the cu rren t th ro u g h  the sample and the s tandard  
resistance so th a t the  average values o f the  p o te n tia l drops can be obta ined.
(c) D is tr ib u t io n  o f p o te n tia l probes on the  sample is an im p o rta n t m a tte r. The 
leng th  to  w id th  ra tio  o f the  sample should no t be less th a n  4 (P u tle y  1968). 
A lso, the  H a ll probes should be located away fro m  the end o f the sample 
at a distance no t less than  the w id th  o f the  sample. Low er values w ou ld  
cause the H a ll fie ld  to  be p a r t ia lly  shorted by the cu rren t contacts.
(d ) Surface conducting  layer is a m a jo r p rob lem  in  e lec trica l measurements 
specia lly  in  n -InS b . P recautions described in  section 3.1 (see also M ansfie ld  
and K uszte lan  1978 and T okum o to  et al. 1982) were found  to  be adequate to  
prepare free surface-layer samples fo r n -InS b  m ate ria ls . A lso , i t  has been 
experienced d u rin g  the course o f th is  w o rk  th a t the  p re p a ra tio n  m ethod 
described in  section 3.1 is ap p ro p ria te  fo r n -In P  samples.
(e) N on-ohm ic  and se lf-heating  effects are also p rob lem s p a r t ic u la r ly  at low  
tem pera tu res. However, by ap p ly in g  very low  voltages and va ry ing  the 
cu rren t passing th ro u g h  the sample one can m in im ise  and check w hether 
they  cause a s ign ifican t effect on the measurements.
( f  ) In  a.c. m easurements the s tray capacitance is ano the r p rob lem . B y  m aking  
use o f the th re e -te rm in a l m easurem ents, and using coaxia l cables, th is  stray 
capacitance can be m in im ised .
3.5 D a ta  A cquisition:
D a ta  were recorded by a H ew le tt-P ackard  HP9816 m ic rocom pu te r. F igu re  
3.7 shows the schem atic d iag ram  o f such da ta  acqu is ition  system . A disc drive  
as well as d o t-m a tr ix  p r in te r were in terfaced to  the m ic ro co m p u te r using the 
H ew le tt-P ackard  General Purpose In te rface  Bus (H P IB ). The  K e ith le y  174 D V M  
was connected to  the HP9816 th ro u g h  a B C D  in te rface , w h ile  the K e ith le y  195A 
was in te rfaced v ia  H P IB  ( IE E E ).
The o the r devices invo lved  in  m easurem ents w ith  in te rface  o the r th a n  H P IB
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com pa tib le , were connected to  the HP9816 th ro u g h  tw o  in te rface  boxes, designated 
A K B l  and A K B 2 , (designed and b u ilt  in  the  depa rtm en t o f Physics w orkshop). 
The in te rfa c in g  box coded A K B l was ac ting  as an in te rface  between the HP9816 
m ic ro co m p u te r and bo th  the General R ad io  1616 P recis ion C apacitance B ridge 
and the  AVS-45 Resistance B ridge . T h is  box converts the B C D  rep resenta tion  o f 
the  da ta  in to  IE E E  fo rm a t w h ich , consequently, is sent to  the  m ic ro co m p u te r fo r 
processing.
The P h ilip s  PM 6615 frequency counter was in te rfaced  to  the HP9816 via 
box A K B 2  w h ich  trans la tes the B C D  da ta  in to  IE E E  fo rm a t to  be sent to  the 
m ic rocom pu te r.
Now, the HP9816 was employed to  record the resistance o f the 
the rm om ete rs , the  real and the im a g in a ry  pa rts  o f the  conductance, the  frequency 
o f the  AC  m easurem ents, and the  voltages across the  samples and the s tandard  
resistances fo r D C  measurements. F rom  these da ta , the  te m pe ra tu re , real and 
im a g in a ry  pa rts  o f the  a.c. c o n d u c tiv ity  as w ell as the  D C  c o n d u c tiv ity  were 
ca lcu la ted and displayed g ra p h ica lly  by the  m ic rocom pu te r. . D a ta , also, were 
stored on a disc fo r la te r trans fe r to  the m a in  V A X  com pu te r system  fo r fu r th e r  
processings and investiga tions.
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Figure 3.7
A  schematic diagram  o f the system used for d a ta  acquisition.
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C H A P T E R  4 
D C  Conduction In n-type InP
4.1  I n t r o d u c t io n ;
In  the  present chap te r, m easurem ents o f the  com ponents o f the  re s is tiv ity  
tensor fo r  th ree  samples o f n -typ e  In P  in  a m agnetic  fie ld  up to  70 kG  and 
tem pera tu res  dow n to  abou t 80 m K  are described. The  H a ll coeffic ient is measured 
in  the  freeze-out reg ion as a fu n c tio n  o f tem pe ra tu re  and m agnetic  fie ld . 
Param eters o f the  samples s tud ied  in  th is  w ork are given in  tab le  4.1.
Sample no(10^^cm  ^) A r (1 0 ^ ^ c m -3 ) ^ c r ( k G ) e iexp . E ith r .
I 4.8 7.4 16 4.6 ±  0.3 5.5
I I 5.9 9.1 18 4.2
I I I 7.8 12.0 22 3.8
T a b le  4 .1 : Param eters o f the  n -In P  samples, tiq =  N j j  — excess o f donor
co ncen tra tio n , N o  and N a are the  donor and acceptor concen tra tions respective ly  
and El is the  a c tiva tio n  energy in  m eV.
A cco rd in g  to  M o tt 's  c r ite r io n , (1 .21), the  m e ta l- in s u la to r (M I)  tra n s it io n  in  
n -In P  occurs a t a concen tra tio n  o f abou t 2.6 x  104  ^ cm ~^, fo r =  84 Â . Hence,
da ta  g iven in  ta b le  4.1, show th a t o u r samples should be on the  in s u la to r side o f 
the M l- t ra n s it io n .  M easurem ents at zero m agnetic  fie ld , indeed, show th a t these 
samples behave like  an in s u la to r as T  ^  0.
A t h ighe r tem pera tu res  freeze-out o f the  e lectrons fro m  the conduc tio n  band 
on to  the  dono r sites occurs. In  a m agnetic  fie ld , s im ila r behav io u r is observed 
w ith  an a c tiv a tio n  energy, £ i,  be ing a fu n c tio n  o f the  fie ld . In  th is  reg ion , the  H a ll 
coeffic ient increases sharp ly , reaches a m a x im u m  and then  decreases, due to  the 
advent o f h o p p in g  conduc tio n . The  tem p e ra tu re  and m agne tic  fie ld  dependence 
o f the  re s is tiv ity , a c tiva tio n  energy and the  H a ll coeffic ient in  th is  regim e w il l  be
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discussed in  section 4.2.
T he  freeze-out o f conduction  electrons w ith  decreasing te m p e ra tu re  is 
fo llow ed by a s itu a tio n  in  w h ich  the m a in  c o n tr ib u tio n  to  the c o n d u c tiv ity  is 
due to  h opp in g  o f e lectrons between the im p u r ity  centres w ith o u t be ing excited to  
the conduc tio n  band. In  th is  process e lectron hops, o r ju m p s , fro m  an occupied 
donor to  a nearest ne ighbou r em p ty  one due to  com pensation  w ith  an a c tiva tion  
energy 63 w h ich  s lig h tly  increases w ith  the fie ld . The te m p e ra tu re  and m agnetic  
fie ld  dependences o f the  re s is tiv ity  in  the  nearest-ne ighbour hopp in g  reg ion are 
discussed in  section 4.3. F u rth e r re d u c tio n  in  the  tem p e ra tu re  leads to  a s itu a tio n  
in  w h ich  e lectrons p re fe r to  hop to  m ore rem ote sites th a n  to  the nearest-ne ighbour 
ones, in  o rde r to  reduce the energy requ ired  fo r the  hop. In  th is  range and in  
absence o f the  fie ld , M o tt 's  T ~ ^ /'^ -law  p red ic ted  fo r V R H  seems to  be fo llow ed. 
In  presence o f the  m agnetic  fie ld  T “ ^ / ‘^ -law  is obeyed w h ich  is in  line  w ith  the 
T  "^ /^ - la w . Section 4.4 considers the behav iou r o f the  re s is tiv ity  in  th is  regim e. 
In  the  w hole  range o f te m p e ra tu re  the re s is tiv ity  in  absence o f the  m agnetic  fie ld  
can be described by the  equation
p { T )  =  pTexp +  Ps'exp +  p^ ’exp (4,1)
T he  f irs t  te rm  corresponds to  the  band conduc tion , where the co n d u c tiv ity  
is due to  e lectrons in  the  conduc tio n  band, and is d o m in a n t above abou t 5 K  
and m a in ly  de te rm ined  by the freeze-out o f electrons (sect.4.2). T he  second te rm  
is a t t r ib u te d  to  the  hopp in g  process in  the nearest-ne ighbour hopp in g  region and 
becomes d o m in a n t fo r tem pera tu res  below  5 K  (section  4.3). The  th ird  te rm  is due 
to  the  va riab le  range hopp in g  (V R H ) and is d o m in a n t below  1.5 K  (section 4.4).
M easurem ents in  th is  w o rk  were made, m a in ly , by va ry in g  the  tem pe ra tu re  
w h ile  the  m agne tic  fie ld  is kep t constan t. T h is  m e thod  has the  advantage o f 
avo id ing  h ea ting  effects caused by changing the  m agne tic  fie ld .
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4.2  T e m p e r a tu r e  a n d  m a g n e t ic  f ie ld  d e p e n d e n c e  o f  th e  r e s is t iv i t y  a n d  
H a l l  C o e f f ic ie n t  in  th e  f re e z e -o u t re g io n :
In  n -typ e  InP , freeze-out o f carrie rs can be observed in  absence o f m agnetic  
fie ld  p rov ided  th a t the  iso la tio n  co n d itio n  (1.1) is satisfied. F igures 4.1-4.3 d isp lay 
the te m p e ra tu re  and m agne tic  fie ld  dependences o f the  transverse re s is tiv ity  fo r 
the samples I, I I  and I I I  respective ly. D a ta  presented here are re s tric te d  to  
tem pera tu res  above 1 IK. In  the  tem p e ra tu re  range down to  abou t 5 K  a sharp 
increase in  the  re s is t iv ity  is observed.
As the  e lectrons freeze o u t o ff the  conduction  band, one w ou ld  expect the 
c o n d u c tiv ity  to  decrease sha rp ly  w ith  the  re d u c tio n  o f the  tem pe ra tu re . The 
tem p e ra tu re  dependence o f the  ca rrie r concen tra tion  in  th is  reg ion is given by 
(B lakem ore  1974)
=  f - p ( - 0 )  (4.2)
where n  is the  concen tra tio n  o f free e lectrons in  the  conduction  band. N o  and N a  
are the  dono r and acceptor concentra tions respectively.
/  *  \ 3 /2
TV,, =  4.83 X l O 'h  — T  I c m “ ® =  1.05 X (4 .3)
\ m o  }
fo r n -In P . T he  te m p e ra tu re  dependence o f the  concen tra tion  o f the  carrie rs  in  the 
conduc tio n  band , indeed, depends on the re la tio n  between the num ber o f em pty  
donors due to  com pensation , [ K N o  =  N a )-, and the num ber o f em p ty  pos itions 
n (T )  due to  th e rm a l e x c ita tio n  o f e lectrons fro m  donor levels to  the  conduction  
band. T hus, equa tion  (4 .2) takes tw o l im it in g  form s:
(a) N a <  n ( r ) ,  i.e ., the  num ber o f em p ty  donors is m uch less th a n  n { T ) .  In  
th is  case equa tio n  (4 .2) reduces to  the  fo rm
(4 J0. I T ,  .  « P 2 k B T
T h is  dependence holds in  an in te rm e d ia te  te m p e ra tu re  range, i.e ., K N o  <  
n { T )  <  N o ‘ A p p a re n tly , its  v a lid ity  requires low  enough com pensation  ra tio  
w h ich  is n o t the  case o f o u r samples.
(b ) N a  >  n ( T ) .  In  th is  case the  Ferm i level is close to  the  iso la ted -do no r level
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and one w ou ld  have
Analyses o f the  expe rim en ta l da ta  o f the  re s is tiv ity  in  the  freeze-out region 
showed th a t the  te m p e ra tu re  dependence o f the  re s is tiv ity  has on ly  one ac tiva tion  
energy and the  f irs t  te rm  in  equation  (4.1) is the  dom in a n t one. The experim en ta l 
values o f the  a c tiva tio n  energy £i w ith  no m agnetic  he ld  present (3.8 - 4.6 m eV ) are 
given in  tab le  4.1. Inspec tion  o f these data  reveals th a t the  th e o re tica l value, 5.5 
m eV , ca lcu la ted  fro m  equa tion  (1.3) is h igher than  the observed ones. B iskupsk i et 
al. (1980) hnd  a value o f 4 m eV  fo r n -In P  sam ple w ith  concen tra tion  n  =  6.6 x  10^^ 
cm “  ^ w h ich  is, indeed, between samples I I  and I I I .  The  d iscrepancy between 
the observed zero-held values o f and the theo re tica l p re d ic tio n  becomes m ore 
p ronounced as the  concen tra tio n  becomes h igher. D iffe re n t m echanism s were 
proposed by d iffe re n t au tho rs  to  account fo r the  low er values o f £ i.  The reduc tion  
o f the  a c tiv a tio n  energy 6% below  its  theo re tica l value could be a ttr ib u te d  to  a band 
ta ilin g  (see, fo r exam ple, K a u fm a n  and N euringer (1970); A b ra m  et al. (1984); 
Low ney (1986)). These au tho rs  show th a t the  presence o f m a n y-b o d y  in te ra c tio n s  
and d o n o r-ca rr ie r in te ra c tio n s  leads to  the fo rm a tio n  o f band ta ils  w h ich  decreases 
the energy gap. One w ou ld  expect th a t the  band ta ils  should be m ore im p o rta n t 
as the concen tra tio n  is increased and th is  is consistent w ith  the  observa tion  as £i  
decreases w ith  increas ing  the concen tra tion . Nevertheless, as the  m agnetic  fie ld  is 
in tro d u ce d  an increase in  £i  is observed. F igu re  4.4 (a) illu s tra te s  the  m agnetic  
fie ld  dependence o f 6% fo r the  three samples.
The  p o s s ib ility  o f the  fo rm a tio n  o f H u b b a rd  bands m ig h t also lead to  an 
overlap between the  uppe r H u b b a rd  band w ith  the conduc tion  band ta il and 
consequently an effective increase in  the ta il dep th  (M ans fie ld  and K usz te lan  1978, 
Ish ida  and O tsuka  1979, M o tt  1974, 1981).
Fenton and H aering  (1967) considered the effect o f the  screening by free 
e lectrons o f the  donor centres. I t  has been concluded th a t the  screening effect 
o f the  im p u r ity  p o te n tia l by electrons in  the conduc tion  band m ig h t reduce the 
b in d in g  energy. T h is  screening effect, thus, is opposite  to  the  effect o f the  m agnetic
(a)
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T he a c tiva tio n  energy as a fu n c tio n  o f the m agnetic  fie ld ; 
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fie ld  w h ich  leads to  h ighe r values o f £i ( Y K A ) .
The re d u c tio n  in  the  value o f the b in d in g  energy o f electrons tra p p e d  by im p u rit ie s  
could also be a ttr ib u te d  to  the overlap o f the wave func tions  o f these im p u ritie s  
(R obe rt et al. 1980). The overlap is expected to  be m ore im p o r ta n t as the 
concen tra tion  is increased lead ing  to  lower values o f the  b in d in g  energy. The 
presence o f the  m agne tic  fie ld  leads to  a reduction  in  th is  overlap and consequently 
an increase in  the  b in d in g  energy. M ore  recently, M ansfie ld  et al. (1988) have 
po in ted  o u t th a t an enhanced d ie lec tric  constant w ou ld  reduce the  b in d in g  energy. 
In  th is  case an increase in  the concen tra tion  w ou ld  lead to  an enhanced d ie lec tric  
constant and consequently a decrease in  the b in d in g  energy. F o llow ing  th is  
argum ent, the  presence o f an exte rna l m agnetic  fie ld  causes a re d u c tio n  in  the 
d ie lec tric  constan t w h ich  in  tu rn  leads to  h igher values o f the  energy approach ing 
its  th e o re tica l value. D ire c t measurements o f the  d ie lec tric  constant o f n -InS b  (in  
chapter 5 in  th is  w o rk ) show th a t the  m agnetic  fie ld , indeed, has some effect on e. 
To the  best o f o u r knowledge, there is no clear th e o re tica l w o rk  in  th is  respect.
The  H a ll coeffic ien t, R f j ,  was measured in  the  m agnetic  freeze-out region 
in  the  range o f 10 <  jH < 7 0  kG . F igures 4.5 and 4.6 dem onstra te  the  tem pe ra tu re  
dependence o f R h  fo r samples I  (a t 77=20 and 40 kG ) and I I  (a t fie lds fro m  
10 kG  to  70 kG ) respective ly. I t  is obvious th a t R h  grows e xp o n e n tia lly  as the 
tem pe ra tu re  is reduced reaching a m a x im u m  around 8-12 K . F u rth e r decrease 
in  the te m p e ra tu re  leads to  a ra p id  decrease in  R h - The  behav iou r at d iffe ren t 
fie lds is s im ila r  except th a t R h  sh ifts  tow ards h igher values as H  is increased. 
The exponen tia l increase in  R h  as T  is lowered is expected i f  the  carrie rs are 
fa llin g  o u t o f the  conduction  band in to  shallow  im p u r ity  levels. M easurem ents o f 
the re s is t iv ity  in  th is  tem pe ra tu re  range, indeed, con firm  th is  a rgum ent where a 
freeze-out o f e lectrons is observed. However, the  H a ll coeffic ien t, R h i  does not 
continue to  increase as the  tem pe ra tu re  is fu r th e r  reduced, b u t passes th ro u g h  a 
m a x im u m  fo llow ed by a decrease as the tem pe ra tu re  is reduced. T h is  behaviou r 
could be due to  :
(a) A surface conduc tin g  layer w h ich  short ou t the  b u lk  conduc tion  as can occur
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in  n -InS b  at low  tem pera tu res ,
(b ) C o n d u c tio n  in  an im p u r ity  band produced by s trong  overlap o f the  wave 
func tions  o f the  donors, or
(c) Onset o f hopp in g  conduction .
In  the  present w o rk , care fu l p recautions were taken d u rin g  the  p repa ra tio n  
of the  samples to  avoid surface con ta m in a tio n . R e -trea tm en t o f sample I w ith  
new H a ll leads y ie lds s im ila r behaviour. There fore  the fo rm a tio n  o f a surface 
conduc ting  layer is u n like ly . On the o the r hand, the va ria tio n  o f p { T )  in  the  same 
tem pe ra tu re  range shows the advent o f the  activa ted  hopp ing  w ith  a constant 
ac tiva tio n  energy, 63 , (see Section 4.3). Thus, the fo rm a tio n  o f an im p u r ity  band 
leading to  a m e ta llic - lik e  behav iou r can be excluded. One, then , m ig h t conclude 
th a t the  decrease in  R h  as tem pe ra tu re  is lowered is re la ted  to  the  onset o f hopp ing  
conduction .
The  appearance o f the  bum p in  R h { T )  can be exp la ined w ith  the  help
o f the tw o -b a n d  m odel (S hk lovsk ii and E fros 1984 (S E )) in  w h ich  a ll e lectrons
p a rt ic ip a tin g  in  e lec trica l conduction  are d iv ided  in to  tw o groups : conduction -
hand e lectrons w ith  c o n d u c tiv ity  ctc =  n(T)e/Xc and H a ll coeffic ient Rc =  l / n ( T ) e ;
and im p u r ity  band electrons w ith  hopp ing  c o n d u c tiv ity  and H a ll coeffic ient R^.
S hk lovsk ii and E fros (1984) give a phenom enolog ica l expression at zero magnet ic 
field lim itj
R . = y ' y f  (4 .6)
{(Tc T  (Thr
T h is  s im p le  p ic tu re  m ay exp la in  the tem pe ra tu re  dependence o f R h -> w ith  the 
hopp ing  H a ll m o b ility  ph =  Rh<^h be ing m uch sm alle r th a n  the  band m o b ility  
Pc =  R cCTc- N ow , when the  tem pe ra tu re  is no t very low , the second te rm  in  
the n u m e ra to r can be neglected w ith  respect to  the f irs t one. Thus the fo rm u la  
p red ic ts  a sharp m a x im u m  at Cc % cr/ ,^ a t w h ich  the  conduction  changes from  
band to  hop p in g  m echanism . A t h igh  tem pera tu res, to  the le ft o f the  m a x im u m , 
thus
R h  =  R c =  - 7^  «  exp n [ t )e
E o / k B T (4.7)
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A t low er tem pera tu res , <C cr/ ,^ hence
=  ^  =  ^ " ( 2 ^ )  -  (4-8)
I f  the  a c tiva tio n  energy 63 is sm all com pared to  =  £ i (w h ich  is, indeed, the 
case fo r the  present samples) then  one w ou ld  have
f l H O c e x p ( - ^ )  (4.9)
T h is  m ig h t exp la in  the  s im ila r ity  in  the  behaviou r o f the  H a ll coeffic ient R h  a round 
the m a x im u m  fo r various m agnetic  fie lds.
In  conclusion , the  va ria tio n  o f the H a ll coeffic ient in  the  tem p e ra tu re  range 
described above is consistent w ith  the behaviou r o f the  re s is tiv ity  where the
freeze-out o f e lectrons occurs. The  reduc tion  in  the  a c tiva tio n  energy e\ could
be a ttr ib u te d  to  some sort o f band ta ilin g  a n d /o r  an enhancem ent in  the d ie lec tric  
constant. The  presence o f a m agnetic  fie ld  increases 6% and the bum p \n  R h  sh ifts  
tow ards h ighe r values as the  fie ld  is increased.
4.3 V ariation  o f  th e  resist iv ity  w ith  tem p era tu re  and m agn etic  field 
in th e  n earest-n e igh b ou r  hopping  regime:
T he  conduc tio n  due to  e xc ita tio n  o f e lectrons fro m  the  donor sites to  the 
conduction  band is no t the  on ly  type  o f conduction  w h ich  takes place in  doped and 
com pensated sem iconducto rs. I f  the  im p u r ity  concen tra tion  is low  enough th a t the 
iso la tio n  c o n d itio n  ( 1 .1 ) is ve rified  then  the  low  tem pe ra tu re  conduction  in  these 
m a te ria ls  is no t due to  free carrie rs b u t occurs as a resu lt o f charge tra n s p o rt 
between im p u r ity  states. In  o the r words, the  conduction  takes place by electrons 
hopp ing  fro m  occupied to  unoccup ied loca lized donor states.
R e fe rring  to  F igures 4 .1-4.3, the reduc tion  o f the  tem p e ra tu re  below  about 
5 K  leads to  a change in  the tem pe ra tu re  dependence o f the  re s is tiv ity  w h ich  
can easily be d is tingu ish ed  down to  abou t 1.3 K . A t these low er tem pera tu res 
the tem pera tu re -dependence o f the  re s is tiv ity  in  the  absence and presence o f the 
m agnetic  fie ld  is characterised by a set o f a lm ost s tra ig h t lines. T h is  is a ttr ib u te d
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to  the  fac t th a t the  conduction  due to  nearest-ne ighbour hopp ing  dom inates over 
the free e lectron  conduction . The  re s is tiv ity  in  th is  range obeys the  activa ted- 
conduction  law  (1 .7 ), (second te rm  in  equation  (4 .1 )), w h ich  is ty p ic a l o f hopp ing  
conduction  between im p u rit ie s  w ith  a non-van ish ing  a c tiva tio n  energy £3 .
The  expe rim en ta l values o f the  a c tiva tio n  energy £ 3  as w ell as the p re ­
exponen tia l fa c to r p 3 appeared in  equation  (4.1) were ob ta ined  as fo llow s. 
E x tra p o la tio n  o f the  e xp e rim e n ta lly  obta ined s tra ig h t line  o f In  p ( T )  to  1 /T = 0  
gives the  value o f p 3 w h ile  the slope leads to  63. Values ca lcu la ted by th is  way 
at zero m agne tic  fie ld  are inc luded  in  tab le  4.2. Inspection  o f these da ta  reveals 
im m e d ia te ly  th a t i t  depends c lea rly  on the  ca rrie r concen tra tion .
Le t us now exam ine the a c tiva tio n  energy 63 . A cco rd ing  to  E fros et al. 
(1972), fo r weak com pensation  { K  <C 1) and in  the absence o f long-range p o te n tia l, 
£3 is g iven by
2 Ari/3
63 =  0 .99---------------------------------------------------------(4.10)
I f  the  long-range p o te n tia l is considered, the  above fo rm u la  is replaced by
p2 A7-1/3
6 3 = 0 .9 9 — ^ ( 1  -  0 .2 9 A "'/^ ) (4.11)
M ille r  and A b raham s derived anothe r expression fo r £3,
2 7U-1/3 /  \
£3 =  1-61------ 2 _. ( i _  1.35 1/3 (4.12)
A t h igh  degree o f com pensation, i.e., fo r (1 — AT) «C 1, and in  absence o f 
the long-range p o te n tia l, £3 has the fo rm  (E fros et al. 1972);
3
w h ile  i f  the  long-range p o te n tia l is considered;
(4.13)
^  ^ ' e ( l  -  K y / ^
where Cj  is a num erica l constan t o f the  o rder o f u n ity .
The  expe rim en ta l values o f £3 are p lo tte d  in  F igu re  4.7 (a) as a fu n c tio n  o f 
. The  dependence o f £3 on the  donor concen tra tion  deduced fro m  equations
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(4.11) and (4.14) at K  =  0.2 and 0.6 respective ly  is also given in  the  same graph, 
(we have used C i= 0 .6 ,  G adzh iev and S h lim ak 1973). I t  is obvious th a t da ta  do 
not f i t  any o f these th e o re tica l p red ic tions . A n  exact com parison o f the  results 
w ith  the th e o ry  is qu ite  d if f ic u lt .  The  reason is th a t the  e x is ting  theories are 
app licab le  e ith e r fo r weak o r s trong  com pensation  w h ich  is no t the  case o f our 
samples. A n o th e r d iscrepancy is th a t,  despite the th eo re tica l p red ic tions , 63 is 
a c tua lly  found  to  decrease as the  im p u r ity  concen tra tion  is increased.
Low  values o f 63 have been observed in  m any sem iconducto r m ate ria ls . £3 
does n o t va ry  w ith  concen tra tio n  as p red ic ted  fro m  sim ple  theory. Instead o f 
increasing m o n o to n ica lly  w ith  increasing concen tra tio n , i t  has been found  th a t £3 
deviates fro m  the  th e o re tica l p re d ic tio n , e x h ib it in g  a peak at a concen tra tion  Np 
(see fo r exam ple Em elyanenko et al. 1974). A t concentra tions h igher th a n  Np,  
£3 s ta rts  to  decrease g ra d u a lly  w ith  increasing  concen tra tion  and fa lls  below the 
value p red ic ted  fro m  s im ple  theory.
A cco rd in g  to  S hk lovsk ii and S h lim ak  (1972) and S hk lovsk ii and E fros (1984) 
as N p  increases, £3 deviates fro m  the  classical th e o re tica l p red ic tions  
show ing a peak and then g ra d u a lly  decreases to  zero as the  nonm e ta l-m e ta l 
tra n s it io n  is approached. These au thors  a t tr ib u te d  th is  behav io u r to  the  effect o f 
enhanced overlap  between the  donor wave func tions . The q u a n tu m  in te rp re ta tio n  
o f d e v ia tio n  fro m  the  classical p re d ic tio n  m ay be con firm ed  m ore spectacu la rly  by 
a p p ly in g  an e x te rna l agent such as u n ia x ia l com pression, m agnetic  fie ld , etc. I f  
the dop ing  level is ve ry  low  so th a t the  overlap between the  ad jacent donors is 
ex trem e ly  sm all then  one w ou ld  expect th a t £3 does no t va ry  under the exte rna l 
agent. In  th is  case the  overlap p lays no ro le  even at zero ex te rna l agent. T h is  
has been shown by S hk lovsk ii and S h lim ak (1972) by a p p ly in g  pressure. On the 
o the r hand , i f  the  overlap is no t neg lig ib le  then  i t  m ig h t be possible to  reduce its  
effect by a p p ly in g  a u n ia x ia l com pression. The  s tudy  o f S hk lovsk ii and S h lim ak 
on Ge samples, also, shows th a t the  a p p lica tio n  o f a u n ia x ia l com pression leads 
to  a s trong  enhancem ent in  £3 and its  value closely approaches the s tra ig h t line  
p red ic ted  by the  th e o re tica l approach.
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In  a s im ila r expe rim en t by Avérons et al. (1976) on p-G aSb they have 
shown th a t £3 increases w ith  the pressure. I t  has been concluded th a t the  vo lum e 
o f acceptor states is decreased under pressure, w h ich  leads to  a ra th e r considerable 
enhancem ent o f £3 . The  effect o f the  m agnetic  fie ld  on the  donor w avefunctions 
is also im p o r ta n t.  A s trong  m agnetic  fie ld  reduces the wave fu n c tio n  overlap. Its  
effect on £3 is believed to  be s im ila r to  th a t o f the  u n ia x ia l com pression. Thus, 
at e x trem e ly  low  concen tra tions, the m agnetic  fie ld  should have no effect on £3,  
whereas as the concen tra tion  is increased the fie ld  m ust enhance £3,  e lim in a tin g  
the d e v ia tio n  fro m  the classical p red ic tions .
In  F ig u re  4.4 (b ) we p lo t £3 as a fu n c tio n  o f the  m agnetic  fie ld  H . A lth o u g h  
a h igh  m agne tic  fie ld  has some effect on £3,  however, the  h ighest value o f £3 
ob ta ined  at H  =  70 kG  is s t i l l  no t in  a sa tis fac to ry  agreement w ith  the theory. 
W ith  the  ava ilab le  m agnetic  fie ld  i t  is d if f ic u lt  to  conclude w he ther o r no t £3 should 
approach its  th e o re tica l value.
T he  q u a n tu m  in te rp re ta tio n  described above is no t the  on ly  exp lana tion  
to  account fo r the  low er values o f the a c tiva tio n  energy £3 below  theo re tica l 
p red ic tions , an a lte rn a tive  exp lana tion  is discussed by K no tek  and P o liak  (1972, 
1974). In  th e ir  approach, K n o te k  and P o liak  have considered the effect o f the 
co rre la tion  effects. A cco rd ing  to  these au thors , the  co rre la tion  effect consists o f 
the m ovem ent o f tw o  (o r m ore) electrons s im u ltaneously  whenever i t  lowers the 
energy d ifference between in it ia l and fin a l states o f the  system. T h is  co rre la tion  
lowers the  a c tiva tio n  energy below  the one e lectron process. As the  resistance 
in the  h opp in g  reg ion is given by expression (2.36) (toge the r w ith  (2.36a) and 
(2 .37 )), the  single hops are dom in a n t i f  the  f irs t te rm  in  equation (2.37) is much 
la rge r th a n  the  second te rm . An increase o f the ca rrie r concen tra tion  leads to  a 
decrease in  the  average distance between donors which in  tu rn  leads to  a decrease 
o f the  f irs t  te rm . Thus the  second te rm  becomes im p o r ta n t (p rov ided  th a t the 
tem p e ra tu re  is low ) and th is  resu lts in  corre la ted  hopp ing . T he  tra n s it io n  from  
single to  m u lti-c o rre la te d  hops occurs when r  —- (K n o te k  1977), hence
3 ( 2 t k B T \ ^ ' ^
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For te m p e ra tu re  T — 5 K , say, the  above equation  gives Nq =  7 x  10^^ cm “ ^. T h is  
value is c lea rly  less th a n  the lowest concen tra tion  in  ou r samples (see tab le  4 .1 ). 
So one cannot ignore  the  effect o f the corre la ted hopp ing , and th is  again could 
exp la in  the  low er values o f the  ac tiva tion  energy Eg.
M ore  recently , M ansfie ld  et al. (1988) have po in ted  ou t th a t to  derive the 
a c tiva tio n  energy Eg one has to  use the e xp lic it expression, app ro p ria te  fo r nearest 
ne ighbour h opp in g  w h ich  is based on the  M ille r-A b ra h a m s  m odel;
-   ^^ —   e x p ( a i e x p ( £ g / A g T )  (4.15)
where
r ,= v e lo c ity  o f sound =  5.15 x lO ^  cm s ~ \  d ,= d e n s ity =  4.787 gm  cm “  ^ fo r In P  
7 /= sca lin g  pa ram e te r =  0.85, e = d ie le c tric  constant =  14 and 
E i  =  d e fo rm a tio n  p o te n tia l =  14 eV.
The p re -exponen tia l fa c to r thus is te m pe ra tu re  dependent, ( i t  indeed, depends 
lin e a rly  on T ) ,  so one has to  p lo t In [ p / T )  versus 1 / T  to  de te rm ine  Eg. We 
have found  th a t values o f Eg ob ta ined  by th is  m e thod  d iffe r app rec iab ly  from  
those ob ta ine d  fro m  s im ple  p lo ts  o f In  (p) versus 1 / T  (see tab le  4.2). I t  has also 
been suggested by the  above au thors th a t as Eg depends on b o th  N d  and e, thus 
the effect o f the  enhanced d ie lec tric  constant by the donor centres should no t be 
ignored.
Eg (m eV ) from
Sample Inp  vs. 1/ T  ln ( p /T )  vs. 1 / T pg (17.cm )
I 0.56 1.07 66.1
I I 0.48 0.76 15.7
I I I 0.27 0.56 3.51
T a b le  4 .2 : Values o f the  a c tiva tio n  energy Eg at zero m agnetic  fie ld  derived from  
p lo ts  o f In  p  versus 1 /T  and In ( p /T )  versus 1 /T  as w ell as pg fro m  In  p vs. 1 / T
plot.
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A lth o u g h  the expe rim en ta l values o f eg are sm all com pared to  the 
theo re tica l p re d ic tio n s , the  c o n d u c tiv ity  is believed to  be o f hopp ing  na tu re . 
O ur in ve s tig a tio n  o f the  re s is tiv ity  suppo rt th is  hypothesis. A cco rd ing  to  the 
pe rco la tion  theo ry  (review ed by S hklovsk ii and E fros 1984; B o ttg e r and B ryks in  
1985), the  value o f pg is an exponen tia l fu n c tio n  o f the  donor concen tra tion  since i t  
is governed by the  p ro b a b ility  o f a ju m p  w h ich  p ro p o rtio n a l to  the  overlap in teg ra l 
o f the  wave fu n c tio n s  o f im p u r it ie s ;
pg = Po3 exp^/(Æc)y f i N o )  =
E xtensive  studies o f the  hopp ing  conduction  were carried  out on Si and Ge. 
A lth o u g h  these crys ta ls  can be ob ta ined  in  a h ig h ly  homogeneous fo rm  and 
w ith  know n irh p u r ity  concentra tions w h ich  is a considerable advantage over o the r 
sem iconducto rs, the  com plex band s tru c tu re  o f these m a te ria ls  makes i t  d if f ic u lt  
to  com pare q u a n tita t iv e ly  the expe rim en ta l and theo re tica l resu lts . The  case o f 
n -In P  is considered as a s im ple case, because i t  has a very sirnple p a rabo lic  and 
sphe rica lly  iso tro p ic  conduction  band. So one can com pare the  expe rim en ta l and 
theo re tica l resu lts  in  a m ore com prehensive way.
Values o f pg deduced fro m  the  In  p versus 1 / T  p lo ts  are p lo tte d  in  F igu re  
4.7 (b ) as a fu n c tio n  o f the  pa ram ete r ( Æ ^ ^ U g ) " ^ . The  value o f is assumed to  
be 84 A.  A  best f i t  o f these d a ta  gives a slope ( « i  =  3.2) w h ich  d iffe rs su b s ta n tia lly  
fro m  the  th e o re tica l p re d ic tio n  o f the  pe rco la tion  th e o ry  (~  1.73). F o llow ing  the 
a rgum ent o f M ans fie ld  et al. (1988) and as i t  has been a lready m entioned before 
one w ou ld  expect b e tte r agreement i f  we p lo t In  ( p /T )  versus 1 / T  and deduce the 
correspond ing  values. T h is  procedure (see F igu re  4.7 (b ))  y ie lds a value o f 2.4 fo r 
the pa ram e te r a i  w h ich  s t i l l  considerab ly h igher than the  theo re tica l value. I t  is 
emphasized by the  above au tho rs  th a t since the p re -exponen tia l fa c to r varies w ith  
the d ie le c tr ic  constan t c, N d  and eg, and eg is affected by b o th  N o  and e (as i t  w ill 
be shown la te r th a t e is enhanced by the donor centres) then i t  m ig h t be possible 
to  com pare the  slope w ith  1.73 i f  the  d ie lec tric  enhancem ent is considered.
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4.3.1 M a g n eto re s is ta n ce  in the nearest-neighbour hop ping  regime:
So fa r we are dea ling  w ith  the  re s is tiv ity  in  zero m agnetic  fie ld . The 
presence o f the  fie ld  H  as can be seen in  F igures 4.1-4.3 causes an exponen tia l 
large p os itive  m agnetoresistance. T h is  pos itive  m agnetoresistance is due to  a 
com pression o f the  wave func tions  o f donors caused by the  fie ld .
I t  has been shown in  chapter 2 th a t in  the  weak m agnetic  fie ld  region (where 
H  <  2Hc)  the  effect is an a d d itio n a l exponentia l te rm  in  equation  (2.45a). The 
tem p e ra tu re  and m agne tic  fie ld  dependence has the fo rm
p { H , T )  =  p s (^ )e x p ^ j^ ^ ^  (4.16)
where p z { H )  is given by equation  (2.46). A  q u a n tita tiv e  agreement between th is  
theo ry  and the  expe rim en ta l resu lts is possible on ly  in  those cases in  w h ich  the 
w avefunctions o f the  im p u rit ie s  are su ffic ien tly  iso tro p ic  in  zero fie ld . The  da ta  
are analysed in  the  lig h t o f the  above theo re tica l p re d ic tio n . The com parison was 
made f irs t  by e x tra p o la tin g  the  expe rim en ta l dependence o f the  re s is tiv ity  p{H^ T )  
at d iffe ren t fie lds to  1 /T = 0 .  Values o f the  ra tio  p z { H ) / p ^ [ ^ )  thus were ob ta ined . 
In  F ig u re  4.8, a p lo t o f th is  ra tio  (fo r the  lo n g itu d in a l re s is tiv ity )  against 
is given fo r  samples I I  and I I I .  I t  is obvious th a t the  re la tive  m agnetoresistance 
p z { H )  /  p 3(0 ) grows (e xp o n e n tia lly ) w ith  the m agnetic  fie ld  accord ing to  (2.46), 
where the  da ta  f its  a s tra ig h t lin e  as p red ic ted  by the  theory. A t h ig h  fie lds (>  35 
kG ), however, the  rise in  the  re s is tiv ity  slows down and even tua lly  deviates fro m  
the s tra ig h t lin e  observed at low er fie lds. The slope o f the  s tra ig h t lin e  is a fu n c tio n  
o f concen tra tio n  as suggested by theory, and i t  leads to  values o f the  constant 
t in  equa tion  (2 .46) w h ich  are 0.051 and 0.046 fo r samples I I  and I I I  respectively. 
These values are som ewhat h igher than  the theo re tica l p re d ic tio n  w h ich gives / 
=  0.036. For very  low -doped samples, i f  £3 is independen t o f the  m agnetic  fie ld , 
one w ou ld  expect the ra t io  p z [ H ) l p z ( ^ )  =  p { H ) / p { ^ )  a t any te m p e ra tu re  in  the 
neares t-ne ighbour hopp in g  region. Hence, a com parison w ith  the  theo ry  can be 
made fro m  the  p lo ts  p (E ) /p ( 0 ) .  In  F igu re  4.8 also we have p lo tte d  th is  pa ram eter 
against fo r  the  lowest doped sample (sam ple I)  at T  =  2 K . T h is  g raph  shows
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in  the  nearest-ne ighbour hopp ing  region.
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th a t a good agreem ent is observed in  the low -he ld  l im it ,  however, the  deduced 
value o f t by th is  m e thod  (~  0.076) is considerab ly (a lm ost tw ice ) h igher than  
the th eo re tica l one. I t  is w o rth  n o tin g  th a t b e tte r agreement cou ld  be ob ta ined  i f  
one uses the  e x tra p o la te d  values o f the  re s is tiv ity  ob ta ined  fro m  p lo ts  o f In  { p / T )  
versus 1 / T .  The  values o f t deduced by th is  way fo r the  th ree  samples togethe r 
w ith  the  th e o re tica l value given by S hklovsk ii and E fros (1984) are given in  tab le
4.3 and a reasonable agreement is achieved.
E m e l’yanenko et al. (1973) ob ta ined  a good agreement w ith  theo ry  fo r n- 
G aAs, w ith  t ly in g  in  the range o f 0.036 - 0.046. A h igher value is ob ta ined by 
K a h le rt et al. (1976) (0.06). E m e l’yanenko et al. (1975) have ob ta ined  a value o f 
0.04 fo r n -InP .
T u rn in g  now to  fie lds h igher th a n  2 He,  a d e v ia tion  fro m  the  s tra ig h t line  
can easily be observed in  F igu re  4.8. The  s low ing dow n o f the  ra t io  p s ( H) / p 3 { 0 )  fo r 
fie lds H  >  2Hc  is due to  a considerable change in  the fo rm  o f the  w avefunctions 
at distances im p o r ta n t in  e lectron ju m p s , w h ich , in  tu rn ,  occurs due to  strong  
fie lds. T he  resu lt o f th is  is th a t the  change in  the  p e rco la tion  pa ths begins to  
p lay an im p o r ta n t ro le  and th is  leads to  a weaker dependence o f the  hopp ing  
re s is tiv ity  on the  m agne tic  fie ld  (see equation  (2 .53 )). The  h igh  fie ld  region 
when the  m agnetoresistance is expected to  vary  as exp {H^^^ )  should s ta rt when 
H  >  6Hc  w h ich  fo r ou r samples is greater than  90 kG  and is h ighe r th a n  the  fie lds 
available. However an dependence appears to  be obeyed at fie lds m uch less
than  th is  l im i t  as also is observed by B iskupsk i and D ubo is  (1982) b u t on ly  over 
a re s tr ic te d  range o f fie lds (see F igu re  4.9).
Le t us now  discuss the  an iso tropy  in  the  m agnetoresistance o f the s tud ied  
samples in  the  nearest-ne ighbour hopp ing  reg ion. W hen a m agnetic  fie ld  H  is 
app lied , the  wave func tions  o f the  im p u r ity  centres are no longer iso tro p ic , instead, 
an iso tropy b u ild s  up. S hk lovsk ii (1977) has ca lcu la ted  the  a n iso tropy  in  presence 
o f m agne tic  fie lds. I t  has been found  th a t the  p a ra lle l and the  pe rpend icu la r 
com ponents o f the  re s is tiv ity , (py and p j l )  are re la ted to  the  m agnetic  fie ld  H  via
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M agnetoresistance  In (p3(H)/p3(0)) o f samples I, I I  and I I I  against the 
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M agnetic field dependence of the anisotropy of samples I I  and I I I  (the  extraploted values 
of the resistivity to  1 /7 ’ - 0  are used).
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equation  (2.55);
Pl .  -  P\\ [ H
(4.17)
P± \ 4 # c
T h is  equa tion  is ope ra tive  fo r weak fie lds. D a ta  ob ta ined at T  =  2 K  are presented 
in  F igu re  4.10 fo r samples I I  and I I I .  The slope o f the  s tra ig h t line  is ~0 .70  fo r 
sample I I  and 0.55 fo r sam ple I I I .  A  dev ia tion  fro m  the s tra ig h t lin e  is observed at 
h igh m agne tic  fie lds and th is  is a ttr ib u te d  to  the change in  the  w avefunctions at 
h igher fie lds and the  m agnetic  fie ld  dependence becomes weaker (equa tion  (2 .56)).
We have also ex trapo la te d  values o f bo th  the lo n g itu d in a l and transverse 
re s is tiv itie s  ( to  1 / T = 0 )  as c ited before. In  F igu re  4.11 a p lo t fo r
(pi .  — P \ \ / Pi . ) \ /T=Q versus [ H / H c Y  fo r samples I I  and I I I  is shown. An
dependence is also observed b u t the  r ig h t hand side o f the  above equation  has 
to  be m u lt ip lie d  by s im ila r factors as above. F in a lly , to  the best o f ou r know ledge, 
the com ple te  d e sc rip tion  o f the  in te rm e d ia te -fie ld  an iso tropy  has no t been done 
so fa r. The  s tu d y  given by S hklovsk ii (1977) showed th a t the  lo n g itu d in a l to  the
transverse res is tiv itie s  in  a s trong  fie ld  are re la ted by equation  (2.56). We have no
da ta  to  test th is  theory. O u r resu lts  at fie lds >  2Hc  are no t conclusive.
4.4 T em p era tu re  and M agn etic  F ield  d ep en d en ces  o f  the  C o n d u ct iv ity
in th e  V ariable R an ge  H op p in g  regime:
F igures 4.12-4.14 show the tem pe ra tu re  dependence o f the  re s is tiv ity  at 
d iffe ren t m agne tic  fie lds ( fro m  0 to  70 kG ) fo r samples I,  I I  and I I I  respective ly. 
The te m p e ra tu re  dependence below  abou t 1.3 K  slows down and no longer fo llow s 
the s im ple  re la tio n sh ip  p oc exp (e :/fcsT ), where the a c tiva tio n  energy e is constant. 
Instead , a cu rva tu re  is observed as the  tem pe ra tu re  is lowered. T h is  is p resum ab ly  
due to  a change in  the  m echanism  o f the  c o n d u c tiv ity  fro m  sim ple  hopp ing  o f 
e lectrons between nearest ne ighbou ring  sites (w ith  constan t a c tiva tio n  energy as 
described in  the  preceeding section) to  a variab le-range h opp in g  w ith  decreasing 
ac tiva tio n  energy. I t  has been m entioned earlie r th a t at very low  tem pera tu res , 
typ ica l resistances between ne ighbouring  im p u rit ie s  m ig h t become h ighe r than  
those connecting  some rem ote im p u r it ie s  whose energies happen to  be very close
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to  the  Ferm i level. In  th is  case the cha rac te ris tic  hopp ing  leng th  is no t constant 
b u t i t  increases w ith  low ering  tem pe ra tu re  as described by equation  (2.57). Thus, 
one w ou ld  expect th a t the  c o n d u c tiv ity  to  be o f V R H  na tu re  (M o tt  1968). Le t us 
now inves tiga te  the  tem p e ra tu re  and m agnetic  fie ld  dependences o f the  re s is tiv ity  
in  th is  regim e.
4.4.1 T em p era tu re  D ep en d e n c e  o f  the resist iv ity  in th e  V R H  region  
in zero M a g n etic  Field:
As has been a lready discussed in  chapter 2 , the  te m p e ra tu re  dependence 
o f the  re s is t iv ity  in  the  V R H  regim e is no t described by a un ique  expression. 
G enera lly  speaking, the  tem pe ra tu re  dependence o f the  re s is tiv ity  is given by
p { T )  =  p o e x p (^ ~ " j  (4.18)
The param eters pq^Tq and x depend on the m odel used. For the case o f constant 
dens ity  o f states at the  Ferm i level (M o tt  1968) x =  1 /4 , w h ile  when there  is an 
energy gap a t the  Ferm i level, (E fros and S hk lovsk ii 1975), x becomes 1 / 2 .
The  te m p e ra tu re  dependence o f the  re s is tiv ity  in  the  V R H  regim e o f n -type  
Ge has been repo rted  by m any au thors (see, e. g., A lle n  and A d k in s  1972), A llen  
and A d k in s  concluded th a t M o t t ’s T “ ^/^ -law  is obeyed. The same conclusion 
was achieved by H il l  (1976). M easurem ents carried  ou t by Sasaki (1985) on 
doped Si were also in  favou r o f M o t t ’s law . O n the o the r hand Z ab rodsk ii (1977) 
has review ed the ava ilab le  experim en ta l da ta  and found  th a t the  tem pe ra tu re  
dependence o f the  re s is tiv ity  is in  favour o f T ~ ^ /^ - la w . M easurem ents carried  ou t 
by Benzaquen and W alsh (1984) on a range o f l ig h t ly  doped and compensated 
n -G aA s co n firm  the T ^ ^ /^ - la w . The  dependence has also been observed in
o the r m a te ria ls  such as cadm ium  flu o rid e  (C d F 2 : Y ) ; (D a llacasa et aJ. 1988).
T he  con troversy over the tem pe ra tu re  va ria tio n  o f the  re s is tiv ity  in  the 
V R H  region w ith  no m agnetic  fie ld  present is w hether the  dependence is 
as observed, fo r exam ple, e xp e rim en ta lly  by Benzaquen et al. (1985) o r as
seen by F in la y  son and M ason (1986), b o th  on n -In P . M easurem ents on a w ide r
-  97 -
tem pe ra tu re  range at low er l im it  are necessary to  ve rify  w he ther or
law is obeyed.
Now , le t us discuss the tem pe ra tu re  dependence o f the  re s is tiv ity  o f our 
samples in  absence o f the  m agnetic  fie ld . I t  has been seen in  F igures 4.12-4.14 
th a t the  v a r ia tio n  o f p w ith  T  (a t low er tem pera tu res) is no longer be described 
by the nearest-ne ighbour hopp ing  w ith  constant a c tiva tio n  energy. In  F igu re  4.15
(a) a p lo t o f p versus is given fo r sample I,  w h ile  F igu re  4.15 (b ) is p lo tte d
w ith  the  x-ax is  be ing  A com parison between these tw o  graphs shows th a t a
good agreem ent w ith  T~^^^-law  is observed in  suppo rt o f M o t t ’s law . T h is  indeed 
confirm s Benzaquen et al. (1985) resu lts , b u t over a m uch w ide r tem p e ra tu re  range 
and consequent v a ria tio n  o f p. A  s im ila r resu lt is ob ta ined  w ith  sam ple I I .  A  p lo t 
o f p against and fo r th is  sample is given in  F igu re  4.16 (a) and (b ) on
a sem i-log scale. Values o f Tq deduced fro m  the  p lo ts  are 7.3 x lO ^  and 2.2
x lO ^ K  fo r samples I  and I I  respective ly  w h ich  seem to  be a decreasing fu n c tio n  
as the concen tra tio n  o f carrie rs is increased. A  s im ila r behav iou r has a lready been 
repo rted  by Benzaquen and W alsh (1984) fo r n-G aA s. Value o f T q fo r sample 
I in  th is  w o rk  is close to  th a t given by Benzaquen et al. (1985) fo r a s im ila r 
concen tra tion  o f n -InP . Nevertheless, the  theo re tica l ca lcu la tions fro m  the  re la tio n  
To =  4 9 /& B P 0&3 , where go =  e~^ (S hk lovsk ii 1973), give 2.6 x 10® and
2.3 X 10® K  fo r the  pa ram e te r T q fo r these samples ( I  and I I  respective ly ) w h ich  
are cons ide rab ly  h ighe r th a n  the experim en ta l find ings. For the  m ost im p u re  
sample ( I I I ) ,  the  T “ ^ /^ -law  is m ore like ly  to  be obeyed a lthoug h  the  f i t  is no t 
as good as th a t fo r the  o the r tw o  samples (see F igu re  4.17). The  tem pe ra tu re  
range in  th is  figu re  is m uch la rge r th a n  the o the r tw o  samples. Results on the 
m agnetoresistance w h ich  w ill be discussed below suggest th a t th is  sample should 
fo llow  a T '^ / '^ - la w  in  absence o f the m agnetic  fie ld .
M ans fie ld  et al. (1988) have used the  e x p lic it expression fo r the  tem pera tu re  
dependence o f the  re s is tiv ity  in  th is  regim e. A n  expression o f the  fo rm  (A lle n  and
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The res is tiv ity  o f sample I  in the variable-raiige hopping region ( i /  =  0 kG). (a) log 
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The resistiv ity o f sample I I  in the variable-range hopping region ( / /= 0  kG). (a) log p
against T  (b) log p against T
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The res is tiv ity  o f sample I I I  in the variable-range hopping region ( I / = 0  kG ). (a) log p 
against (b) log p against .
— l o i  —
A dkins  1972)
4 /  A \  2 P + i^ 4go a \ p + 4 /  \  P+4 /T o
v5(7T ijj " i f ;
has been used where x =  p -\- 1/ p  4.
Thus, fo r the  case o f constant density  o f states at the  Ferm i level, i.e ., fo r p = 0 , 
x =  l / 4 .  In  th is  case the re s is tiv ity  can be expressed as
p =  e x p ( T o / r ) '/ ^  (4.19a)
3 / 2 /  \ l / 2
5-2
In  the case i f  p = 2 , x =  l / 2 .  In  th is  case the re s is tiv ity  becomes
p =  C 2 T e x p (T o /T ) '''2  (4.196)
The constan t C 2 is given by
A cco rd ing ly , since the p re -exponen tia l fa c to r o f the  re s is tiv ity  depends on the 
tem pe ra tu re , thus one should p lo t e ithe r In  ) versus fo r the  constant
density  o f states or In  { p / T )  against i f  the  density  o f the  states at the  Ferm i
level is governed by a C ou lom b gap (E fros and S hklovsk ii 1975).
In  a separate ru n  on sample I,  we have ob ta ined  a set o f da ta  at zero fie ld . 
These d a ta  were analysed accord ing to  th is  conception  and a p lo t o f ( p /T ^ /^ )  
against jg shown in  F igu re  4.18. In  the  same F igu re  we p lo t ( p /T )  against
T ~ ^ /^  fo r the  same sample. A com parison between these tw o  p lo ts  shows th a t 
the is m ore consistent. The observed value o f the pa ram ete r Tq deduced
fro m  the p lo t is -- 1 x 10  ^ K . T h is  value, however, is s t il l less than the
theo re tica l p re d ic tio n . M ansfie ld  et al. have po in ted  ou t th a t the  m ost like ly  
cand ida te  fo r such a d iscrepancy is the d ie lec tric  constant w h ich  has been used in  
the th e o re tica l ca lcu la tio n  (e =  14 fo r n -In P ). These au thors  have suggested th a t 
in  o rde r to  o b ta in  agreement between the theo re tica l and observed values o f 63 
in  the  nearest-ne ighbour hopp ing  region i t  is necessary to  enhance the d ie lec tric
-  102 -
0.8
O-
(a)
10
I
e
E
O
(b )
10
10
10
0 .7 1 . 3 1.50 .9 1 .1
T  ^ (K
F ig u re  4 .1 8
The res is tiv ity  o f sample I  in the variable-range hopping region [ H = 0  kG ). A comparison 
is made between (a) a log {pfT^^^)  against p lo t and (b) a log ( p / T )  against T
plot.
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Figure 4 .19
Comparison o f the theoretical and experimental res is tiv ity  o f sample I  in  zero magnetic 
field. The dash-dotted curve is the resistiv ity deduced for the NNH using eq. (4.15). The 
dashed curve is the resistiv ity for the the VRH using eq. (4.19).
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constant. A value o f 26 instead, o f 14 fo r sample I has been used in  the  pre- 
exponen tia l fa c to r in  equations (2.47) and (4.19a) and, toge the r w ith  the  measured 
value o f ^3 , p has been ca lcu la ted . In  F igu re  4.19 the  theo re tica l re s is tiv ity  is shown 
in  b o th  the nearest-ne ighbour h opp in g  and the V R H  regimes. The agreement is 
excellent in  the  nearest-ne ighbour hopp ing  and sa tis fac to ry  in  the  V R H  region. A 
re la tive ly  sm all change in  To gives excellent agreement between the theo ry  and the 
expe rim en t. T h is  sm all change in  Tq is assumed to  be due to  the u n ce rta in ty  in  
the num erica l constan t in  the  expression fo r T q .
To sum  up at th is  p o in t, at zero m agnetic  fie ld , the re s is tiv ity  o f the  investiga ted  
n -In P  samples fo llow s, sa tis fac to ria lly , the  T “ ^/^-law . I t  is necessary, however, to  
consider the te m p e ra tu re  dependence o f the p re -exponen tia l fac to r. E xpe rim en ta l 
and theo re tica l ca lcu la tions based on an enhanced d ie lec tric  constant are in  fa ir  
agreem ent.
4.4 .2  M a g n eto res is ta n ce  in the V R H  regim e
The  V R H  m echanism  at very low  tem pera tu res  can also be ve rified  by
a p p ly in g  a m agnetic  fie ld . A ccord ing  to  the theo re tica l tre a tm e n t given in
chapter 2 , the  presence o f a weak m agnetic  fie ld  makes a re la tive ly  sm all
the
c o n tr ib u tio n  to  the  re s is tiv ity  exponent ^ i j .  In^absence o f the  C ou lom b gap, the 
tem p e ra tu re  and m agne tic  fie ld  dependences are given by equation  (2.63),
In p { ^ )
L p(o) J
whereas i f  the  dens ity  o f states is governed by the C ou lom b gap one has (chap te r 2)
In
. f ( 0 ) .
Let us now  discuss the tem pe ra tu re  dependence o f the  m agnetoresistance o f the 
three n -In P  samples in  the lig h t o f the  above form u lae .
T he  va ria tio n  o f In p | |(R ) /p (0 )  against T “ ^/^ fo r sample I  a t H  =  30 kG is 
shown in  F ig u re  4.20 (a). A f i t  to  a s tra ig h t line  in  the whole tem p e ra tu re  range is 
not sa tis fac to ry . In  F igu re  5.20 (b ) we re p lo t In p{0)  against T  fo r th is
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sample, at the same fie ld . It seems th a t ne ither law can describe the behaviour o f 
the re s is tiv ity  in the whole tem pera tu re  range. In F igure  4.20 (a) da ta  are a ls o  
presented fo r th is  sam ple at a field o f 20 kG. A reasonable s tra ig h t line  is achieved. 
The depa rtu re  in the tem pera tu re  dependence o f the m agnetoresistance from  the
observed at H  =  30 kG in  th is  figure could be due to the  fact th a t the field
30 kG is ju s t at the upper l im it  o f //^d e p e n d e n ce  suggested fo r the weak field
case «  2 / / . )  as = 16  kC  fo r th is  sample. However, one cannot ru le  ou t o ther
poss ib ilities , (e.g.. an experim enta l e rro r in  the m easurem ent o f p ( H )  fo r th is
sample since its  resistance becomes very h igh in  th is  tem pe ra tu re  range; greater 
than 10® ohm  fo r T  =  0.5 K ).
The  va ria tio n  o f In P i ( / / ) / p ( 0 )  w ith  T '» / "  a t constant fie lds, / /  =  20 and
30 kG  o f sample I I  is given in  F igure  4.21 (a). In  F igu re  4.21 (b ) the p lo t is given
for the  same sample at FT =  30 kC  w ith  the h o rizon ta l axis replaced by T - ^ ! \  a
IS clear th a t the  resu lts  are in  agreement w ith  (4.20) ra th e r th a n  (4.21) and th is
IS consistent w ith  the tem pera tu re  dependence o f the re s is tiv ity  in  zero m agnetic
fie ld . In  F ig u re  4.22 (a) we p lo t In (p { B ) / p { 0 ) )  against fo r sam ple I I I  at
H  = 3 0  kG  (p a ra lle l con figu ra tio n ) and H = 2 0  kG  (p e rp e n d icu la r con figu ra tio n ).
W h ile  F igu re  4.22 (b ) d isplays the same da ta  b u t w ith  x-ax is  be ing The
im m ed ia te  conclusion is th a t the tem pera tu re  dependence o f the re s is tiv ity  is,
indeed, in  fa ir  agreement w ith  the  T '^ /^ - la w  w h ich  is suggested fo r  a constant
density of states at the Fermi level. From the temperature dependence of the
m agnetoresistance o f these samples we have ca lcu la ted the  num erica l constant t j .
The observed values together w ith  the theo re tica l p re d ic tio n  are sum m arised in 
tab le 4.3.
Sample i fro m G from
code In (p /T )  vs. 1/ T  p lo t T -3 /4_ Iaw R ^-la w
I 0.042 0.0044 O.OOA-h-
II 0.047 0.0072 0.0083
111 0*044
T heore tica l values
0.0049
(=0 .030
0.0060 
( i =0.0025
Table 4 .3 : The experim en ta l and theore tica l values o f the num erica l param eters 
t and <1.
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Figure 4.20
The  m agnetoresistance o f sample I  in  the V R H  region. The  lo g a rith m  
o f the  ra t io  (p||(H)/p(0)) o f the  re s is tiv ity  in  a fie ld  H d iv ided  by the 
re s is tiv ity  in  zero fie ld  is p lo tte d  as a fu n c tio n  o f (a) and (b )T “ ^/^.
-  107  -
o
a
CD
o
:a )
1.60
1 .2 0
1 .0 0
0.80
0.60
0.40
0.20
1.20 1.40 1.60 1.80 2.00
r-5/4 l,-V 4
(b)
1.60
1.50
1.40
1.30
o
a 1.20
X
1.10
cn
o 1.00
0.90
0.80
A H = 50 kC
A
A
Figure 4.21
The m agnetoresistance o f sample I I  in  the V R H  region. T he  lo g a rith m  
o f the  ra tio  (p i (H ) /p (0 ) )  o f the re s is tiv ity  in  a fie ld  H d iv ided  by the 
re s is tiv ity  in  zero fie ld  is p lo tte d  as a fu n c tio n  o f (a) and (b)T~^''^.
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T he  m agnetoresistance o f sam ple I I I  in  the  VRH reg ion. The  
lo g a r ith m  o f the  ra tio  (p (H )/p(0)) o f the re s is tiv ity  in  a fie ld  H d iv ided  
by the re s is tiv ity  in  zero fie ld  is p lo tte d  as a fu n c tio n  o f (a) H
= 3 0  kG , p||, H =20 kG , p i]  and (b )T -^ /^  (the  same co n fig u ra tio n ).
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So fa r we are dealing w ith  the tem pe ra tu re  dependence o f the 
m agnetoresistance in  the V R H  regim e at constant fie lds. The resu lt o f such 
tre a tm e n t is th a t the  dependence is m ost lik e ly  to  be obeyed. T h is , indeed,
confirm s the  ^^-dependence observed at zero m agnetic  fie ld . Since there is 
some u n c e rta in ty  abou t the  zero fie ld  dependence o f the re s is tiv ity  o f sample I I I ,  
the value o f <2 ob ta ined  using equation (2.65) and Tq derived fro m  the 
dependence was ca lcu la ted . A  value o f 0.11 was ob ta ined  w h ich  indeed d iffers by 
about tw o  orders o f m agn itude  fro m  the theo re tica l value o f 0.015.
As equations (4.20) and (4.21) suggest, the  m agnetic  fie ld  dependence o f 
the re s is tiv ity  is o f the  fo rm   ^ thus one can keep the tem pe ra tu re  constant and 
investiga te  the  m agnetic  fie ld  dependence. The results o f such tre a tm e n t togethe r 
w ith  the te m p e ra tu re  dependence m ig h t give a close view  on the m echanism  o f the 
c o n d u c tiv ity  a t low  tem pera tures. In  F igu re  4.23, a p lo t o f In  ( p | | ( ^ ) /p ( 0 ) )  against 
at T  — 0.95 K  fo r sample I is given. S im ila r p lo ts  are also inc luded  in  the 
same F ig u re  fo r the  lo n g itu d in a l m agnetoresistance o f samples I I  and I I I  bo th  at 
T  = 0 .8  K . I t  is obvious th a t the  ^f^-dependence is reasonably obeyed in  the region 
o f w eak-m agne tic  fie ld , (<  2Hc) ,  as p red ic ted  by the  above fo rm u lae . Nevertheless, 
bo th  expressions (4.20) and (4.21) p re d ic t iT^-dependence and the re la tio n  between 
In { p { H ) / p { 0 ) )  and should be linea r and pass th ro u g h  the o rig in . I t  is found , 
however, th a t there  is an in it ia l sm all negative-m agnetoresistance fo llow ed by an 
dependence. T he  slope o f the  lin e a r p a rt leads to  the param ete r t i  invo lved  in  
equation  (4.20) (o r <2 invo lved  in  equation (4 .21)). C a lcu la tions based on equation 
(4.21) give values o f 2^ abou t tw o orders o f m agn itude  greater than  the theo re tica l 
value. Using equation  (4.20) and the slopes the fo llo w in g  values were ob ta ined : 
0.0044, 0.0083 and 0.0066 fo r samples I,  I I  and I I I  respective ly. The de te rm in a tio n  
o f t i  is dependent on the  m easurem ent o f T q w hich is found fro m  the slope o f the 
In ( p / T “ ^ /^ ) versus p lo t in  zero m agnetic  fie ld . I t  is assumed in  d e riv ing
(4.20) th a t To is independent o f the  m agnetic  fie ld . T h is  m ig h t no t be satisfied as 
the dop ing  level increases causing an increase in  the enhancem ent o f the  d ie lec tric  
constant w h ich  m ig h t be decreased by the m agnetic fie ld  (M ans fie ld  and Kuszte lan
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Figure 4.23
The  m agnetoresistance in  the V R H  region. The  lo g a r ith m  o f the  ra tio  
(p i l(H )/p (0 ))  o f the  re s is tiv ity  in  a fie ld  H d iv ided  by the  re s is tiv ity  in  
zero fie ld  is p lo tte d  as a fu n c tio n  o f o f Sample I ( T = 0 . 9 5  K ) , Sample 
I I  ( T = 0 . 8  K ) and Sample I I I  ( T = 0 . 8  K )
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1978).
I t  is w o rth  n o tin g  th a t a lthough the dependence is observed in  th is  
regim e, however, a dev ia tion  from  the behaviour can be observed at h igher 
fie lds (>  2 H c ) ’ T h is  dev ia tion  is not su rp ris ing  as one w ou ld  expect th a t the 
m agnetic  fie ld  dependence becomes weaker as H  is increased above ~  2 ifc -
As discussed in  chapter 2 , the  dependence o f the  re s is tiv ity  in  s trong 
m agnetic  fie ld  on the  tem pe ra tu re  and on the fie ld  is given by equation  (2.69). 
The exponent x and T q , however, depend on the type  o f the w ave function . For 
a w ave function  o f the  Y K A  type , x=^ 2 /5  fo r a constant density  o f states at the 
Ferm i level, and x = 2 / Z  o therw ise. For a w avefunction  o f Hasegawa-Howard type , 
the exponent x becomes 1 /3  fo r a constant density  o f states at the Ferm i level and 
3 /5  when the  C ou lom b gap becomes im p o rta n t. In  the  present w o rk , the  strong  
fie ld  case (w h ich  should be s ta rtin g  fo r fie lds >  6 i f c )  is no t a tta in a b le  w ith  the 
available m agnetic  fie ld , b u t F igu re  4.24 shows th a t the  Ff^/^-law^ is obeyed fo r 
fie lds >  2 H c ‘
In  conclus ion , one w ou ld  notice th a t in  absence o f the  m agnetic  fie ld  the 
j'- i/4 _ d e p e n d e n ce  is observed. Using the same enhanced d ie lec tric  constan t as in  
the case o f nearest-ne ighbour hopp ing  region a sa tis fac to ry  agreement is observed 
in  the  V R H  regim e. In  a weak fie ld , the  T “ ^/'^-behaviour is obeyed. T h is  is 
ap p ro p ria te  fo r a constant density  o f states at the  Ferm i level. T he  m agnetic 
fie ld  dependence o f the  re s is tiv ity  at constant tem pe ra tu re  is in  a fa ir  agreement 
w ith  the  77^-dependence described by equation (4.20). Values o f the  num erica l 
coeffic ient o f the  T ~ 3/4 j j 2 te rm  ob ta ined  e xpe rim en ta lly  range between U =
0.0044 to  0.0078, whereas theo ry  pred ic ts  a value o f 0.0025. T h is  d iscrepancy 
could be due to  u n ce rta in ty  in  the value o f To w hich has been de te rm ined  from  
the zero fie ld  behaviou r. I t  has been po in ted  ou t th a t Tq m ig h t va ry  w ith  m agnetic  
fie ld . T h is  m ig h t im prove  the results fo r the  coeffic ient /,].
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T he  m agnetoresistance in  the V R H  region. The lo g a r ith m  o f the  ra tio  
(p | l(H )/p (0 ))  o f the  re s is tiv ity  in  a fie ld  H d iv id e d  by the  re s is tiv ity  in  
zero fie ld  is p lo tte d  as a fu n c tio n  o f H^/^2 o f Sample I  ( T = 0 . 9 5  K ) and 
Sam ple I I I  ( T = 0 . 8  K )
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C H A P T E R  5 
AC and DC Conduction In n-T ype InSb
5.1 In trodu ction ;
The basic theo re tica l resu lt concerning the a.c. c o n d u c tiv ity  in  d isordered
sem iconducto r m a te ria ls  is the  assertion th a t in  such systems the co n d u c tiv ity
increases m o n o to n ica lly  w ith  increasing frequency. I t  has become a t ra d it io n  to  
describe the frequency dependence o f the experim en ta l da ta  o f the  a.c. hopp ing  
c o n d u c tiv ity  in  these m a te ria ls  by a re la tionsh ip  o f the  fo rm
Re{(r{Lj) — o-(O)) ~  w ' (5.1)
I m a { ( j j )  (5.2)
where the exponents s and s' are genera lly less th a n  u n ity .
In  n -InS b  m a te ria l, the effective mass o f e lectron , m * , is very sm all, 
(m ’*' =  0.0145m o), and the d ie lec tric  constant e is very large, (e =  17.64). Thus 
the effective R ydbe rg  constan t, R* =  0.65 m eV , is m uch sm alle r th a n  th a t o f n- 
InP , {Ry  =  5.5  m eV ). The effective B oh r rad ius is abou t 645 A , th is  is very 
large com pared to  a hydrogen a tom . The w avefunctions associated w ith  the  donor 
im p u r ity  atom s extend over large distances in  the host c rys ta l.
As a lready reviewed in  chapter 2, the  M l- t ra n s it io n  in  n -InS b  can be 
achieved by using a reasonable m agnetic  fie ld  and th is  occurs at a c r it ic a l value 
Her  g iven by
H,, oc (JVd -  (5.3)
fo r very sm all K  o r
=  0.26 (5.4)
fo r I f = 0 .5 , w ith  the d iffe ren t param eters defined in  chapter 2 .
Param eters o f n -InS b  samples used in  the  present w ork  are given in  tab le
5.1. Values o f Her  deduced fro m  equation (5.4) are also inc luded  in  the same 
tab le  and are an increasing fu n c tio n  o f concen tra tion . B y  a p p ly in g  h igh  m agnetic
-  1 1 4  -
fie lds ( >  H c r ) i  sam ples are loca ted  on the  in s u la to r  side o f M l- t r a n s it io n  w here  
m easurem ents are ca rr ie d  o u t by chang ing  the  te m p e ra tu re  and  keep ing  the  
m agne tic  fie ld  co n s ta n t. T h e  a.c. conductance  and th e  capac itance  o f these 
sam ples are m easured  in  the  frequency range o f 110-10^ Hz as a fu n c tio n  o f 
te m p e ra tu re , T ,  and m a g n e tic  fie ld , H  ( in  steps o f 5 k G ). T h e  d.c. res istance 
is also m easured  in  th e  same range o f m a g n e tic  fie lds. T h e  m a g n e tic  fie ld  is kep t 
p a ra lle l to  th e  c u rre n t flo w , and the  te m p e ra tu re  is reduced to  a low est poss ib le  
value ( ^  40 m K ) .
S am ple ( N d - N a ) (c m -3 ) N d  (cm Her  (k G )
5 7 1 4 5 .7  X 9 .6 3  x l O “ 8
9 9 1 4 9 .9  X 1 0 “ 1 .6 8  x l O “ 18
2 0 1 5 2 .0  X 1 0 “ 3 .2 3  x l O “ 32
T a b le  5 .1 :  P a ra m e te rs  o f the  n -In S b  sam ples. and  N a are th e  d o n o r and 
accep to r co n c e n tra tio n s  respective ly . Her  is the  c r it ic a l m a g n e tic  f ie ld  (a t w h ich  
M I t r a n s it io n  o ccu rs ), ca lcu la te d  fro m  eq u a tio n  (5 .4 ).
T h e  v a r ia t io n  o f rea l p a r t  o f the  c o n d u c tiv ity , o"(w), w ith  frequency, 
te m p e ra tu re  and  m a g n e tic  f ie ld  is p resented in  section  5.2. I t  is fo u n d  th a t  the  
excess a.c. c o n d u c t iv ity ,  ca lcu la ted  fro m  th e  re la t io n   ^ (w ) =  (^(w) — cr(0 ) 
fo llow s  th e  p o w e r-la w  , w ith  the  expone n t s b e ing  te m p e ra tu re -d e p e n d e n t, 
b u t b e co m in g  co n s ta n t a t ve ry  lo w  te m p e ra tu re  and h ig h  m a g n e tic  fie lds . T he  
te m p e ra tu re  dependence o f th e  c o n d u c t iv ity  is s tro n g e r th a n  th e  lin e a r  re la tio n s h ip  
p re d ic te d  by th e  p a ir  a p p ro x im a tio n  theo ry . In  section  5.3 th e  dependence o f the  
real p a r t  o f th e  c o n d u c t iv ity  on te m p e ra tu re , m a g n e tic  f ie ld  and frequency  w il l  be 
analysed in  th e  l ig h t  o f the  sca ling  fo rm u la  suggested by S u m m e rfie ld  (1985). In  
section  5.4  th e  te m p e ra tu re  and m a gne tic  fie ld  dependence o f th e  zero frequency 
l im it  o f  th e  c o n d u c t iv ity ,  <r(0), w il l be discussed. Section  5.5 is devo ted  to  discuss 
the  d a ta  o b ta in e d  fro m  th e  ca p a c itive  p a r t.  A n a lys is  o f th is  p a r t  shows th a t  the
-  1 15  -
re la tive  d ie le c tric  constan t derived fro m  the capacitive  p a rt tends to  d iverge as the 
m agnetic  fie ld  approaches Her-
5.2 T em p eratu re ,  Frequency and M agnetic  Field  D ep en d e n c e  o f  the  
R eal P art o f  th e  C onductiv ity:
M easurem ents on sample 5714 were carried  ou t in  m agnetic  fie lds 
i f  >  15 kG  in  steps o f 5 kG . The tem pe ra tu re  dependence o f the  real p a rt o f the 
co n d u c tiv ity , (r(w ), and the d.c. com ponent, <r(0 ), at d iffe ren t m agnetic  fie lds are 
shown in  F igures 5.1-5.4 as a  versus the  rec ip roca l o f te m pe ra tu re , 1 / T .  On sample 
9914, m easurem ents have been made in  m agnetic  fie lds >  30 kG . F igures 5.5, 5.6
(a) and (b ) show the tem pe ra tu re  dependence o f th is  sample at th ree d iffe ren t 
m agnetic  fie lds (60, 50 and 45 kG  respective ly). For the m ore doped sam ple 2015, 
the th resho ld  fie ld  a t w h ich  M l- tra n s it io n  occurs is expected to  be h igher than  
the o the r tw o  samples, (re fer to  tab le  5.1). For th is  sample m easurem ents were 
made fo r fie lds >  40 kG . F igures 5.7, 5.8 (a) and (b ) show the behav iou r o f the 
c o n d u c tiv ity  o f th is  sample as a fu n c tio n  o f tem pe ra tu re  at d iffe ren t m agnetic  
fie lds and frequencies. F rom  these graphs one w ou ld  observe the  fo llow ing :
(a) In  the  h ighe r tem pe ra tu re  range, a sharp exponen tia l d rop  in  the 
c o n d u c tiv ity  occurs. In  th is  range, the  d.c. c o n d u c tiv ity  coincides w ith  
the  low  frequency com ponent o f the  a.c. co n d u c tiv ity . The sharp decrease 
in  cr is due to  the  freeze-out o f e lectrons fro m  the conduction  band onto  
the  donor sites. T h is  is w ell know n as ”  m agne tic-freeze -ou t” , a m echanism  
w h ich  has a lready been observed, frequen tly , in  these m a te ria ls  (see, e.g., 
Ferre et al. 1975, M ansfie ld  and K uszte lan  1978, R obe rt et al. 1980).
(b ) As the  tem p e ra tu re  is reduced, the decrease in  cr(w) is less pronounced. In 
th is  reg ion the c o n d u c tiv ity  is realised to  be in  the hopp ing  region and i t  is 
characterised by an a b ru p t depa rtu re , the  a.c. com ponent becomes much 
less tem p e ra tu re  dependent than  the  d.c. com ponent. In  th is  range (r(w) 
is orders o f m agn itude  h igher than  (r(0). The w '-dependence is obeyed w ith  
the  exponent ” s”  be ing tem pera tu re -dependen t and less th a n  un ity .
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(c) A t m uch lower tem pera tu res, depending on the m agnetic  fie ld , (r(w) 
becomes independent o f tem pera tu re  and w eakly dependent on m agnetic  
fie ld  fo r h igher values o f the fie ld . In  th is  reg ion, the  d.c. com ponent 
becomes too  sm all to  measure, and the exponent s is a lm ost un ity .
In  the  case when the a.c. and d.c. conductions are due to  to ta lly  separate 
and d iffe ren t processes, o r when the same basic process is responsib le fo r bo th  
types o f conduc tio n , b u t the  states g iv ing  rise to  the a.c. c o n d u c tiv ity  are
clustered and do no t fo rm  a pe rco la tion  pa th  th ro u g h o u t the  sam ple, i. e., do 
no t c o n tr ib u te  to  the d.c. conduction , then  i t  seems n a tu ra l to  w r ite  the to ta l 
measured c o n d u c tiv ity  at frequency w in  the fo rm
(r(w) =  o-(O) +  (Ta.c.(w) (5.5)
Long and Ba lkan (1980) (see also Long 1982 ) have used th is  fo rm u la  to  analyse 
th e ir  da ta  on am orphous Ge. T h is  is m o tiva ted  by the fact th a t the  a.c. and d.c. 
co n d u c tiv itie s  at h igh tem pera tu res coincide. The im p lic a tio n  o f th is  equation  is 
th a t there  are tw o  independent mechanisms by w h ich  charge transfers under the 
action  o f an a.c. e lectric  fie ld ; the  f irs t correspond ing to  frequency-independent 
pe rco la ting  o f charges fro m  electrode to  e lectrode and the second to  the  frequency- 
dependent m echanism . However, cr(w) fo r n -InS b  increases m o n o to n ica lly  w ith  
frequency and i t  increases on ly  w eakly w ith  the  tem pera tu re . There fo re , the  pure 
a.c. com ponen t o f the  co n d u c tiv ity  w ill dom ina te  at h igh  frequencies a n d /o r  low  
tem pera tu res . T h is  is s im p ly  due to  the fact th a t the  tem p e ra tu re  dependence o f 
the d.c. c o n d u c tiv ity  is always m uch greater than  th a t o f a.c. p a rt. In  such cases, 
separa tion  o f the  c o n d u c tiv ity  in to  a.c. and d.c. com ponents as in  eq. (5.5) w ill 
have neg lig ib le  effect on the analyses.
The tem pe ra tu re  dependence o f cr(w) becomes progressive ly weaker as the 
tem p e ra tu re  is reduced. D eta iled  analyses on d.c. m easurem ents in  a s im ila r 
tem pe ra tu re  range by m any au tho rs (see, e.g., W a lton  and D u t t  1977, T okum oto  
et al. (1980), M ansfie ld  and T okum o to  (1983), A b d u l-G a d e r (1984)) show the 
absence o f a w ide  range constant a c tiva tion  energy at such low er tem pera tu res 
fo r these m a te ria ls  and the  c o n d u c tiv ity  is believed to  be o f the  V R H  type. The
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Figure 5.8
The temperature dependence of the real part of the a.c. conductivity as well as the d.c. 
l im it o f sample 2015 at magnetic fields (a) H = 55  kG and (b) = 5 0  kG.
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tra n s it io n  o f c o n d u c tiv ity  fro m  being due to  conduction  in  the conduc tion  band 
to  V R H  reg im e has also been observed on o the r m a te ria ls  such as CdH gTe by 
E liza rov  and Ivanov (1981).
A cha rac te ris tic  fea tu re  o f m a te ria ls  in  w h ich  conduction  is due to  hopp ing  
o f carrie rs  between loca lized states is th a t the  a.c. c o n d u c tiv ity  can be represented 
over m any decades o f frequency by the  em p irica l re la tio n  (5.1). In  w h a t fo llow s 
the behav iou r o f the real p a rt o f the  co n d u c tiv ity  at the in te rm e d ia te  range o f 
tem p e ra tu re  is discussed. T h is  is the  region where the  c o n d u c tiv ity  depends on 
the te m p e ra tu re  (and the m agnetic  fie ld ). The low tem pe ra tu re  l im it  behav iou r, 
when cr(w) becomes tem pera tu re -independen t is postponed to  section 5.2.2.
5.2.1 Frequency and T em perature  D ep en d e n c e  o f  the  a.c.
C o n d u ct iv ity  in th e  In term ed ia te  T em peratu re  Range:
The  excess a.c. c o n d u c tiv ity  deduced fro m  the re la tio n
Œac (w ) =  a  (w ) -  a  ( 0 )
due to  h opp in g  process is ob ta ined  at d iffe ren t tem pera tu res  and m agnetic  fie lds fo r 
the th ree  samples. Le t us now discuss the frequency and te m p e ra tu re  dependences 
o f the  c o n d u c tiv ity  o f sample 5714. The frequency dependence o f cTa.c. fo r th is  
sample at d iffe ren t tem pera tu res  is d isp layed in  F igures 5.9 and 5.10 (a) at 50 
and 40 kG  respective ly. I t  can be seen im m e d ia te ly  th a t the  frequency dependence 
o f the  c o n d u c tiv ity  is indeed fo llo w in g  a power law  o f the fo rm  a  w^. The 
exponent s was estim ated  fro m  m easurem ents at h igh  frequencies (10 K H z  - 100 
K H z), s was found  to  be tem pe ra tu re  dependent, increasing w ith  decreasing 
te m pe ra tu re . T h is  is shown e x p lic it ly  in  F igu re  5.10 (b ) at 77=50 and 40 kG . 
The va ria tio n  o f 5 as T  is varied is also observed fo r samples 9914 and 2015 and 
the da ta  are dem onstra ted  in  F igu re  5.11 (a) and (b ) respective ly. Analyses are 
also ca rried  o u t by p lo tt in g  the  to ta l real p a rt o f the  c o n d u c tiv ity  (<T(w)) against 
the frequency. T h is  is presented in  F igures 5.12-14 fo r the  three samples. I t  is 
obvious th a t the  slope, d log (r(w )/d lo g w  is indeed tem p e ra tu re  dependent.
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Figure 5.11
The  te m p e ra tu re  dependence o f the exponent s o f (a) Sample 9914 and
(b ) Sam ple 2015.
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Now, to  sum up , the  general features re la ted  to  the  a.c. c o n d u c tiv ity  o f 
these samples can be sum m arised as fo llow s;
(a) The  real p a rt o f the  a.c. c o n d u c tiv ity  is a m o n o to n ica lly  increasing func tion  
o f the frequency in  the frequency range o f m easurem ents.
(b ) O ver th is  en tire  frequency range, the  a.c. c o n d u c tiv ity  CTa.c.[^)i can 
genera lly  be described by a power law  o f the  fo rm  (5.1). The  exponent 
s m easured as the  slope o f log versus log w at any tem pera tu re  
e xh ib its  no change or l i t t le  change in  value w ith  frequency.
(c) The values o f s are less th a n  u n ity  (except at the  low er tem pera tu res  where 
i t  approaches u n ity  as w il l  be discussed in  section 5.2.2.)
(d ) The exponent s is a c tu a lly  a fu n c tio n  o f tem p e ra tu re , i t  decreases as the 
te m p e ra tu re  is increased.
(e) The a.c. c o n d u c tiv ity  is in  general on ly  w eakly tem pe ra tu re  dependent, 
( th is  is com paring  to  the  d.c. c o n d u c tiv ity ) . T h is  tem p e ra tu re  dependence 
is s tronger at in te rm e d ia te  tem p e ra tu re  th a n  at low  tem pera tu res  (where 
i t  becomes a lm ost tem p e ra tu re  independen t), b u t s t i l l  less s trong ly  
tem pera tu re -dependen t than  the  d.c. l im i t  o f the  c o n d u c tiv ity  <r(0 ).
( f )  F in a lly , the  a.c. c o n d u c tiv ity  seems to  scale w ith  the  d.c. co n d u c tiv ity . 
T h is  is the  sub jec t o f section 5.3 la te r.
T he  basic cha rac te ris tic  o f a.c. hopp ing  c o n d u c tiv ity  o f a pow er-law
frequency-dependence o f the  fo rm  (5.1) as described by P o liak  and G eballe (1961), 
w ith  s % 0 .8 , has been observed in  a w ide va rie ty  o f o the r d isordered solids, 
in c lu d in g  am orphous sem iconducto rs, oxide glasses and organ ic  solids (see E ll io t t  
1987 and Jonscher 1972 fo r rev iew ). I t  seems to  have become established practice
to  in te rp re t the  a.c. co n d u c tiv ity , o f the  fo rm  in  te rm s o f a m odel w h ich
considers conduc tion  to  occur by means o f tu n n e llin g  between ne ighbouring  donor 
im p u r ity  states, ra n d o m ly  d is tr ib u te d  in  energy and space. T h is  tu n n e llin g  m odel 
(tw o -s ite  m ode l) p red ic ts  th a t the  frequency dependence o f the  c o n d u c tiv ity  is o f 
the  typ e  ~  a;*, w ith  5 g iven by
A =  =  1 -  4:/\n{uph/u}) (5.6)
ct In w
-  1 30  -
w hich  im p lies  th a t the  exponent s is tem pe ra tu re  independent. E q u a tio n  (5.6) has 
been used in tens ive ly  in  in te rp re tin g  the frequency dependence o f the  c o n d u c tiv ity  
in  some sem iconducto r m a te ria ls . However i t  does no t p re d ic t the  tem pe ra tu re  
dependence o f the  exponent s. The va ria tio n  o f the  exponent s w ith  T  has 
been observed in  some am orphous sem iconducto r film s  ( see, e. g., N aras im han, 
Guha and A ga rw a l 1976, Long and Ba lkan 1980). I t  is in te re s tin g  to  see fro m  
the e xpe rim en ta l data  th a t some features in  the  stud ied  n -InS b  samples serve to  
exclude some o f the  theo re tica l models used n o rm a lly  to  describe the frequency 
dependence o f (Ta.c.{<^)- In  th is  respect, the  behav iou r o f the exponent s w ith  the 
te m p e ra tu re  T  and the frequency w is an im p o rta n t fea ture.
I t  is noted th a t the expe rim en ta l da ta  presented here show th a t the 
exponent 5 , describ ing  the frequency dependence o f the  a.c. c o n d u c tiv ity  is 
indeed tem pera tu re -d ependen t, The s tra ig h tfo rw a rd  Q M T  m odel based on the  p a ir 
a p p ro x im a tio n  p red ic ts  th a t s should be tem pera tu re -in dependen t and accord ing 
to  equa tion  (5 .6) at an in te rm e d ia te  frequency ( ~  10^ H z), fo r Vph =  10^^ Hz, s 
has a value o f ^  0.8. O u r expe rim en ta l da ta  however show th a t 5 is a decreasing 
fu n c tio n  as T  is increased and takes values even low er th a n  th is  p re d ic tio n . For 
low er values o f 5 <  0.8 one has to  consider un p h ys ica lly  sm all values o f Vph va ry ing  
w ith  te m pe ra tu re . F u rthe rm o re , the  Q M T  m odel p red ic ts  th a t s shou ld  increase 
as the frequency is decreased. However, no such increase in  s (as w is low ered) is 
observed in  the  present m easurem ents. Indeed, the  above figures show th a t i f  any 
cu rva tu re  in  log o-(w) versus log lo /2t t  p lo ts  is observed i t  is in  the  oppos ite  sense,
i. e., 5 is in  fac t frequency independent o r s low ly an increasing  fu n c tio n  o f w. T h is  
fact m anifests its e lf at any m agnetic  fie ld  and te m pe ra tu re  as can be seen c lea rly  in 
these F igures. These discrepancies between the experim en ta l da ta  and the  theory  
m ig h t be considered as an evidence against the Q M T  m odel. A d d it io n a l evidence 
against Q M T  m odel as be ing the d om inan t m echanism  o f a.c. conduction  can be 
ex trac ted  fro m  the  tem p e ra tu re  dependence o f the  co n d u c tiv ity .
In  con tras t to  the  d.c. c o n d u c tiv ity  in  the  case o f V R H  regim e described by 
the  M o tt  the  Q M T  m odel p red ic ts  th a t a  (w ) is va ry in g  on ly  lin e a rly
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T he  frequency dependence o f the c o n d u c tiv ity  a(u) o f sam ple 5714 at 
d iffe re n t tem pera tu res  and a t fie lds (a) H =40 kG , (b ) H =50 kG .
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T he  frequency dependence o f the c o n d u c tiv ity  cr(w) o f sam ple 9914 at 
d iffe re n t tem pera tu res and at fields (a) H =50 kG , (b ) H =60 kG .
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The  frequency dependence o f the c o n d u c tiv ity  cr(w) o f sample 2015 at 
d iffe ren t tem pera tu res  and a t a m agnetic  fie ld  H =  60 kG .
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w ith  the  tem p e ra tu re  T.  Such tem pe ra tu re  dependence seems to  be weaker than  
the expe rim en ta l observations. On the o the r hand, at low  tem pera tu res , cr (w ) is 
indeed tem p e ra tu re  independent (see section 5 .2.2 be low ).
One a d d itio n a l p o in t can be added in  th is  respect is th a t the  tem pera tu re  
dependence o f the  c o n d u c tiv ity  at low er frequency seems to  be m ore pronounced 
than  th a t at h igher frequencies. Now, i t  seems th a t the  p o s s ib ility  o f using the 
Q M T  m odel as being the dom inan t m echanism  o f conduction  cannot be to ta lly  
ju s tif ie d  in  the present m easurements on n -InS b  m ate ria ls .
F rom  equation  (5.6) i t  is seen th a t there is no e x p lic it dependence o f s on T , 
unless an im p lic it  dependence o f the  te rm  i/ph,. A  v a ria tio n  o f s w ith  T  is possible 
i f  the  ca rrie r fo rm s a p o la r on o f b in d in g  energy Wp\  there fore  the effective phonon 
frequency takes the fo rm  (M o tt ,  Davis and S treet 1975) Vpk =  exp( —tT p /2 fcBT), 
where Uq is the  frequency fo r the u n d is to rte d  la ttice . In  th is  case s is given by
4
| ln ( „o /w )  -  W ^ ! 2 k B T ]
However, in  con tras t to  the expe rim en ta l da ta  th is  equation  p red ic ts  a decrease o f 
s as T  is reduced. The v a ria tio n  o f the exponent s o f the  frequency dependence 
o f the  a.c. c o n d u c tiv ity  w ith  tem pe ra tu re  thus can be considered as an im p o rta n t 
evidence as the  hopp ing  (o r tu n n e llin g ) len g th  at a ce rta in  frequency is a fu n c tio n  
o f tem pe ra tu re .
The  tem p e ra tu re  dependence o f s observed in  some oxides has been 
exp la ined in  te rm s o f a classical b a rr ie r hopp ing  m odel, (P ike  1972), in  w h ich  
the  charge tra n s p o rt between localised states is m a in ly  due to  hopp ing  over the 
p o te n tia l b a rr ie r  separating  the sites. In  P ike ’s m odel the energy b a rr ie r is reduced 
below its  m a x im u m  value Wm by C ou lom b in te ra c tio n  and takes the fo rm
H m -  -  (5.8)er
where r  is the  separation  o f the sites, and e is the  d ie lec tric  constan t. F o llow ing  the 
tre a tm e n t o f P ike, Long and Balkan (1980) have shown th a t fo r a single e lectron 
trans fe r s is g iven by
( 5.9)
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In  F igu re  5.10 (b ) we p lo t values o f s ca lcu la ted fro m  equation  (5.9) against 
the te m p e ra tu re  T . I t  is obvious th a t the agreement becomes very poo r as the 
tem p e ra tu re  is increased. Since the d e riva tion  o f equation  (5.9) is based on the 
assum ption  o f single e lectron trans fe r, one w ou ld  question its  v a lid ity  at h igher 
tem p e ra tu re  where m u lt ip le  hops m ig h t take place.
G enera lly , we can assume th a t fo r hopp ing  conduction  the c o n d u c tiv ity  is 
given by
0- (w ,T )  -  w 'T ' '  (5 .10 )
where d =  1 and a % 0.8 fo r the p a ir  a p p ro x im a tio n . F irs t ly , i t  has a lready 
been seen th a t the frequency dependence o f a  m ig h t even be weaker than  th is  
p re d ic tio n  as the  tem pe ra tu re  is increased. Secondly, the  tem p e ra tu re  dependence 
o f cr is s tronger th a n  the theo re tica l p re d ic tio n . These observations have been also 
seen in  some o the r m a te ria ls  (see, e. g., Y ush ida  and A r iz u m i 1976 and M anukyan  
and A ndreev 1976). I t  has been observed th a t even the  weakest tem pe ra tu re  
dependence as given in  M anukyan  and Andreev (1976) and ea rlie r by Owen and 
R obertson  (1970) can be app rox im a te d  by the above equa tion  w ith  d =  3-5.
In  F igu res 5.15 we p lo t fo r sample 5714 CTa.c.(< )^ versus T  on log-log  scale at 
50 kG  and fo u r d iffe ren t frequencies (nam ely ; 110, 10^,10 “^ and 10® Hz). The 
exponent d is ca lcu la ted  as the slope o f the  s tra ig h t p o rtio n  o f the  ob ta ined  lines 
at these frequencies. These are, 3.88, 3.35, 2.69, 2.03 respective ly. F igu re  5.16 (a) 
and (b )'show s a s im ila r behav iou r fo r the same sample at H =  60 and 40 kG . The 
ob ta ined  da ta  o f d a t these fie lds are as fo llow s. A t H =  60 kG , d takes the  values
3.01, 2.85, 2.21 and 1.66. W hen H  becomes 40 kG the ca lcu la ted values o f the 
exponent d are 3.76, 3.28, 2.68 and 2. The s im ila r ity  in  the  behav iou r is obvious 
th a t is d is an increasing fu n c tio n  as the frequency is decreased and always greater 
than  1. In  F igures 5.17 and 5.18 (a) and (b ) we re p lo t fo r  the  same sample (r(w ), 
w ith o u t su b tra c tin g  the  d.c. l im it ,  against T  on log-log  scale. D a ta  given here are 
a t th ree  fie lds 60, 50, 40 kG  respectively. The  deduced values o f d are sum m arised 
in  tab le  5.2. These da ta  indeed con firm  the previous observations th a t d is greater
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T he  c o n d u c tiv ity  (Ta.c.(w) as a fu n c tio n  o f the tem p e ra tu re  T , on a log- 
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The c o n d u c tiv ity  a{uj) o f sample 5714 as a fu n c tio n  o f tem pe ra tu re  T 
on a log-log  scale at a m agnetic fie ld  H =60 kG .
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Figure 5.18
T he  c o n d u c tiv ity  cr(w) against the tem pe ra tu re , on log-log  scale, o f 
sam ple 5714  at fie lds (a) H = 5 0  kG and (b ) H = 4 0  kG .
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than  1 and increases as the frequency is decreased. S im ila r behav iou r is observed 
fo r the  o the r samples. F igu re  5.19 displays the tem pe ra tu re  dependence o f (r(w) 
fo r sample 9914 at H =  60 kG . d varies fro m  3.23 to  6.2 in  the frequency range 
10 to  110 Hz. I f  the (Ja.c.{<^) is used, the exponent d increases fro m  2.46 to  4.07 
in  the  same range o f frequency and at the  same fie ld . A t a fie ld  o f 50 kG , d varies 
from  3.34 to  4.82. The  increase o f d above 1 also is found  at low er fie lds. A t H ~  
40 kG , d is greater than  1, i t  has values in  the range o f 3.53 to  4.6.
S im ila r analyses on sample 2015 also showed th a t the  exponent d is indeed 
greater th a n  u n ity . A t a fie ld  o f 55 kG , d ca lcu la ted fro m  the tem pe ra tu re  
dependence o f <Tq.c. takes values from  1.3 to  2.34 as the frequency decreases from  
10^ Hz to  110 Hz.
d at fields
freq .(H z) 60 kG 50 kG . 40 kG
110 4.12 5.44 6.25
1000 3.5 4.2 5.26
10000 2.72 3.28 4.01
100000 2.0 2.48 2.88
T a b le  5 .2 : Values o f the  exponent d in  equation  (5.10) deduced fro m  log cr(w) 
versus log T  p lo ts  fo r sample 5714 at fie lds 60, 50 and 40 kG  and frequencies 110, 
1 0 \  10^ and 10" Hz.
F rom  a ll these ca lcu la tions one w ou ld  observe th a t the  de te rm ined  values 
o f the exponent d are indeed greater than  1. Its  value depends on the  frequency, d 
is sm a lle r fo r h igher frequency. These observations toge the r w ith  the  low er values 
o f s { <  0.8) suggest th a t the p a ir a p p ro x im a tio n  m odel is incapab le  o f exp la in in g  
the  observed data . The p a ir a p p ro x im a tio n  m odel is based on the  assum ption  
th a t the  d istance to  a th ird  im p u r ity  a tom  is m uch grea ter th a n  the distance
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T he  c o n d u c tiv ity  a (w) o f sample 9914 against the  tem pe ra tu re  T 
on a log-log  scale at a m agnetic fie ld  H =60 kG .
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ins ide the p a ir. As is given by equation (2.81), thus , i t  is governed by the 
frequency w, i t  decreases on ly  s low ly w ith  increasing frequency. P o liak  (1965) has 
considered the case o f m u ltip le  hopp ing  when paths con ta in in g  d iffe ren t num bers 
o f single site distances c o n tr ib u te  to  the a.c. co n d u c tiv ity . In  th is  case the 
frequency dependence becomes weaker and i t  is possible to  o b ta in  a value o f s 
less th a n  the theo re tica l p red ic tions . P revious theories (P G  1961, P o liak  1964) 
were based on the assum ption  th a t the a.c. cu rren t is res tric ted  to  hops between 
pa irs  o f im p u r it ie s  only. P o liak  (1965) suggested th a t the  unexp la ined  tem pe ra tu re  
dependence is due to  the  break-dow n o f th is  assum ption. He has considered, in  a 
random  d is tr ib u t io n  o f im p u r ity  atom s, a ll pa irs w h ich  have a spa tia l separation 
o f and an energy separation  sm alle r than  k s T . A  th ird  im p u r ity  a tom  can have 
one o f th ree d iffe ren t pos itions w ith  respect to  the p a ir. I t  cou ld be s itua ted  in  a 
po s itio n  w ith  its  spa tia l separation fro m  b o th  atom s (a) exceeds (b ) less than  
o r (c) i t  cou ld be positioned where its  spa tia l separation  fro m  one a tom  o f the 
p a ir  is less th a n  o r equal to  r ^ .  G learly  case (a) is the s im ple p a ir  a p p ro x im a tio n , 
whereas, cases (b ) and (c) give an increased real p a rt o f the  co n d u c tiv ity . In  
case (b ) the  re la xa tio n  tim e  becomes shorte r and in  case (c) the  re la xa tio n  tim e  
rem ains a lm ost unaffected due to  the presence o f the  th ird  im p u r ity  a tom , b u t 
the  d ipo le  a rm  becomes longer. A n d  there fore , the  charge trans fe r m ay be m ore 
extended. Hence, in  the  last tw o cases one has to  consider n o t o n ly  a p a ir  b u t t r io  
o f im p u r it ie s , and consequently exam ine the p o s itio n  o f a. fo u r th  im p u r ity  a tom  
re la tive  to  these three and so on. I t  has to  be borne in  m in d  th a t on ly  resonance 
centres are under considera tion  th a t is th e ir  energy levels d iffe r by an am oun t 
no t exceeding k s T .  The p o ss ib ility  o f occurrence o f such co n fig u ra tio n  increases 
w ith  increas ing  k s T  o r s im p ly  the tem pe ra tu re  T.  Thus, one m ig h t conclude th a t 
c lusters o f th ree , fo u r etc. centres can be fo rm ed and the e lectron can hop tw ice, 
th rice  o r even m ore in  one h a lf-pe riod  o f the exte rna l e lec trica l fie ld  depending on 
the size o f the  c lus te r leading to  an increase in  the  co n d u c tiv ity . I t  is apparen t 
th a t the  like lih o o d  o f such m u ltip le ts  increases w ith  increasing r ^ .  O bviously, 
such m u lt ip le t hopp ing  conduction  weakens the frequency dependence b u t in  the
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m eanw hile  strengthens the tem pera tu re  dependence. A n  increase dependence o f 
the  c o n d u c tiv ity  on means a decrease dependence on w, the  m u ltip le  hops 
then w il l  resu lt in  a decreased frequency dependence in  a d d itio n  to  the increased 
tem p e ra tu re  dependence. The te m p e ra tu re /co n ce n tra tio n  at w h ich  m u lt ip le  hops 
w ill become im p o rta n t is estim ated by P o liak  (1965) to  be given ro u g h ly  by
N d  -  0 .0 0 7 4 /r®  (5.11)
where r x  is given by / e k s T .  Hence, th is  tem pe ra tu re  depends inverse ly upon 
r® . r^  ^ i ts e lf  depends on the frequency as given by equation (2.81) in  such a way 
th a t fo r low er frequencies is h igher. There fore  one w ould  expect th a t m u ltip le  
hopp ing  to  become im p o rta n t at low er frequencies. T h is  m ig h t account fo r the 
h igher values o f the  exponent d at low er frequencies. The  re d u c tio n  in  the value 
o f s as T  is increased also can now be understood .
F o llow ing  P o liak  (1965), K ly a ts k in a  and S h lim ak (1978) considered on ly  the 
frequency and tem pe ra tu re  dependences o f a system  where the m u lt ip le  hopp ing  
is opera tive . In  th is  case the c o n d u c tiv ity  is w r it te n  as (P o liak  1965)
<t(w ,T )  ~  ^  (5-12)
4^1  ^ ^
where n \  is the  num ber o f bonds in  the c luste r fo r w h ich  r  <  r ^ .  T h is  equation 
has been s im p lifie d  by K ly a ts k in a  and S h lim ak to  take the fo rm
0-(w ,T ) -  + (5.13)
where A \  depends on r ^ /a .  Let us now discuss the tem p e ra tu re  dependence o f the 
c o n d u c tiv ity  in  the  lig h t o f th is  fo rm u la . C om paring  equations (5.10) and (5.13), 
then  one has
n j =  d +  1
Hence, the  mean num ber o f hops, n ]  can be evaluated. T he  resu lts  o f these 
ca lcu la tions  are inc luded  in  tab le  5.3 fo r samples 5714 and 9914.
sample
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5714 9914
H  (kG ) freq. (H z) n f n l
60 100000 2.76 6.05
r 10000 4.88 -
?? 1000 8T 2 -
?? 110 10.24 16.56
50 100000 4.12 5.29
r 10000 7.24 -
V 1000 11.22 -
n 110 15.05 17.2
T a b le  5 .3 : N um ber o f hops ca lcu la ted from  the tem p e ra tu re  dependence o f 
the c o n d u c tiv ity  (Ta.c.(^) at d iffe ren t frequencies and tw o  m agnetic  fie lds, 50 and 
60 kG fo r samples 5714 and 9914.
These da ta  show th a t n f  is an increasing fu n c tio n  o f frequency, increases as 
w decreases. T hus , the  observations can be considered as a sa tis fac to ry  evidence 
o f the  im p o rta n ce  o f the  m u ltip le  hopp ing  at h igher tem pera tu res  in  the  present 
m easurem ents. I t  is in te re s tin g  to  note th a t h ighe r values fo r r i j  are observed at 
low er frequencies. T h is  is consistent w ith  the s p ir it  o f the  m u lt ip le  hopp ing  ideas. 
As the  m u lt ip le  hopp ing  becomes im p o rta n t at low er frequencies so one w ould  
expect Tij to  increase as w decreases. I t  is w o rth  n o tin g  th a t the  d values ob ta ined  
above are indeed ca lcu la ted fro m  the best f i t  o f s tra ig h t lines a t h igh  tem pera tu res. 
I t  is obvious th a t d should decrease as the  te m pe ra tu re  is reduced as the  m u ltip le  
hopp in g  becomes less favoured.
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5.2 .2  Frequency and M agn etic  Field D ep en d e n c e  o f  the real part o f  
th e  con d u ctiv ity  at very low tem p eratures:
T he  behav iou r o f the  a.c. c o n d u c tiv ity  o f the stud ied  n -InS b  samples at 
very low  tem pera tu res , (when ct[ lv) becomes tem pe ra tu re -in dependen t), has been 
m entioned  b r ie fly  so fa r. I t  is the a im  o f th is  section to  investiga te  the frequency 
and the m agnetic  fie ld  dependences o f the  c o n d u c tiv ity  at these tem pera tu res. 
R e fe rring  back to  F igures 5.1-5.4 fo r sample 5714 at very low tem pera tu res 
depending on the m agnetic  fie ld  <r(w) becomes tem pera tu re -independen t and the 
d.c. com ponen t is, p ra c tica lly , no t measurable. T h is  tem pera tu re -independen t a.c. 
c o n d u c tiv ity  occurs a t low er tem pera tu res  fo r the  o the r tw o  samples, see F igures 
5.5-5.8. A t these tem pera tu res  the frequency dependence becomes stronger. The 
tem pe ra tu re -in dependen t c o n d u c tiv ity  has also been observed in  o the r m ate ria ls  
such as am orphous Si (see, e.g., Hauser et al. 1981; D eri and C astner 1986)*
Since the d.c. com ponent o f the c o n d u c tiv ity  is too  sm all to  be measured, 
( i t  is indeed too  sm all com pared to  the a.c. p a r t) ,  so the analyses are carried  
ou t based on the  ac tua l m easured values o f (r(w ). The  tem pera tu re -independen t 
values o f cr(w) were ob ta ined  at d iffe ren t fie lds and frequencies. F igures 5.20 and
5.21 show the va ria tio n  o f these values w ith  the fie ld  H  fo r samples 5714 and 9914 
respective ly. I t  is obvious th a t the dependence at h igh  fie lds is weak , however, 
as the  fie ld  is reduced a pronounced change in  the c o n d u c tiv ity  is observed, and 
the a.c. c o n d u c tiv ity  s tro n g ly  depends on H .  A t h igh  m agnetic  fie lds, the  wave 
func tions  are expected to  be s tro n g ly  (h ig h ly )  loca lized, and as the  fie ld  is reduced 
tow ards low er values the wave func tions  become less loca lized where a m e ta llic - like  
behav io u r is expected at fie lds <  Her-  The  es tim ated  values o f Her  a t w h ich  M l-  
tra n s it io n  occurs (estim a ted  fro m  equation  5.4) are given in  tab le  5.1. However, 
i t  seems th a t the  tra n s it io n  occurs at h igher values as observed by A b d u l-G a d e r
(1984), (see also; M ansfie ld  et al. (1985)).
Le t us now  discuss the frequency dependence o f the  c o n d u c tiv ity  o f sample 
5714. A ty p ic a l set o f a.c. co n d u c tiv ity  da ta  are presented in  F igu re  5.22 for th is
-  146  -
-5.50
- 6 .0 0
-6 .5 0
-7 .0 0
-g -7 .5 0
E
_Co
- 8.00
en - 8 .5 0  o
- 9 .0 0
-9 .5 0
- 10.00
-10 .50
□
□
□
I I I I r
□
Q
□
Q
A f = W ^  Hz 
□  r = ; 0 ‘ Hz 
O f = I O '  Hz 
El f = J I O  Hz
A A
□
Q
a
J______ I______ I______ I_______I______ I______ I______ I----------- 1------------L
10,00 15.00 20.00 25.00 30.00 35.00 40.00 45.00 50.00 55.00 60.00 65.00
H kG
Figure 5.20
The  lo w -te m p e ra tu re  l im it  o f the  a.c. c o n d u c tiv ity  a{uj) o f sample 5714 
against the  m agnetic  fie ld  H. D a ta  are p lo tte d  on a sem i-log scale.
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T he  low -te m p e ra ty re  l im it  o f the a.c. c o n d u c tiv ity  cr(w) o f sam ple 9914 
aga inst the  m agnetic  fie ld  H on a sem i-log scale.
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sample at several m agnetic  fie lds. In th is  graph the p lo t is m ade fo r log cr (w ) versus 
log u)I ' l i r .  The  average value o f the slope o f the s tra ig h t lines at h igh  frequencies 
is 0.98. Since the  c o n d u c tiv ity  is tem pera tu re -independen t at these very low 
tem pera tu res , s is also tem pera tu re -independen t. T hough  the observation  at low 
tem pera tu res  shows th a t s is tem pe ra tu re  independent, however, the  observed 
value is greater th a n  th a t given by the tw o-s ite  m odel developed fo r quan tum  
m echanica l tu n n e llin g  o f electrons between localized states. On the o the r hand, 
equation  (5.6) p red ic ts  th a t s is a slowdy decreasing fu n c tio n  o f frequency w, 
w h ich  is no t observed expe rim en ta lly , whereas F igu re  5.22 shows th a t s is a lm ost 
frequency-independent at h igh  fie lds and frequencies, b u t becomes a decreasing 
fu n c tio n  as the  frequency is reduced a n d /o r  the  fie ld  is decreased. E fros (1981) 
has shown th a t,  a t low  tem pera tu res when k s T  «C e^/erw  and due to  the  in tra -p a ir  
e lec tron -e lec tron  in te ra c tio n , the c o n d u c tiv ity  is given by equation  (2.98) w ith  5 
given by (2.99)
I t  m ay w o rth  n o tin g  th a t the  fac to r e^/er<^ is rang ing  fro m  3.2 x 1 0 "^  eV 
at H =  10 kG and frequency /= 1 0 0  Hz to  8.9 x  1 0 "^  eV at FT =  70 kG  and 
/  =  10® Hz. So, fo r the  tem pe ra tu re  range o f in te res t the  pa ram ete r [ k s T )  is 
m uch less than  e^/er^^, (see tab le  5.4). The value o f s deduced fro m  the above 
fo rm u la  is s lig h tly  h igher than  th a t given by equation (5.6) (-^ 0.82 at in te rm e d ia te  
frequency) b u t s t i l l  no t consistent w ith  the observations.
S im ila r analyses were carried  ou t on sample 2015, and the frequency 
dependence o f the  c o n d u c tiv ity  at d iffe ren t fie lds is shown in  F igu re  5.23 (a). 
P lo t again was m ade fo r cr(w) versus u) /2tt on log-log scale. The  average observed 
value o f the  exponent s o f th is  sample is 1.02 ±  0.04. w hich is again h igher than  
the theo re tica l find ings. As fo r sam ple 9914, the frequency dependence o f the 
c o n d u c tiv ity  is shown in  F igu re  5.23 (b ), a value o f 0.83 ±  0.06 is found  fo r 5, 
w h ich  is com parab le  w ith  th a t ca lcu la ted fro m  equation  (2.99).
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T he lo w -te m p e ra tu re  l im it  o f the  a.c. c o n d u c tiv ity  a{w) o f sam ple 5714 
against the  frequency u ) / 2 n  on a log-log scale.
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a (Â ) freq .(H z) Tu;(cm) eV e rw (e V ) k s T  a t T =0 .2
10 235 10% 2.50 X 10-5 3.31 X 10-4 1.73 X 10-5
» 10% 1.68 X 10-5 4.93 X 10-4
70 129 10^ 1.37 X 1 0 -5 6.04 X 10-4
» 10^ 0.92 X 10-5 8.97 X 10-4 55
T a b le  5 .4 ; The  fa c to r e^/er^, at tw o m agnetic  fie lds 10 and 70 kG and tw o 
frequencies 10^ and 10^ Hz com pared w ith  the  fac to r k s T  at T = 0 .2  K . The 
lo ca liza tio n  leng th  a =  and is given by equation  (2.81).
In  tab le  5.5, data are given fo r the  c o n d u c tiv ity  o f the  th ree samples at 
frequency 10^ Hz and 7/ =  60 kG , and compared w ith  the theo re tica l ca lcu la tions 
fro m  equation (2.98). Inspection  o f these data reveals th a t the  experim en ta l 
values o f the  tw o  samples 5714 and 9914 are very s im ila r b u t are sm alle r than  
the th e o re tica l values. E fros equation  p red ic ts  a c o n d u c tiv ity  va ry ing  as . I t  
seems th a t the  m a jo r ity  dependence is incons is ten t w ith  the observa tion  (see P G ). 
I t  shou ld  be borne in  m in d  th a t the  de riva tion  o f the  above fo rm u lae  is based 
on the  assum ption  th a t the hopp ing  d istance, is m uch less th a n  the average 
d istance between donors w h ich  is no t the  case o f ou r samples.
(r(ohm.cm) ' , e x p . <7(ohm.cm) theo.
sample eq.(2.98) eq.(5.17)
5714 5.14 X 10-9 3.86 X 10-7 7.65 X 10-7
9914 5.37 X 10-9 8.10 X 10-7 15.43 X 10-7
2015 6.76 X 1 0 -* 19.37 X 10-7 38.40 \  10-7
T a b le  5 .5 : a.c. c o n d u c tiv ity  o f n -InS b  samples e x trapo la te d  to  zero tem pera tu re  
a t 10 kH z and 60 kG  com pared w ith  the theo re tica l p red ic tions  fro m  E fros fo rm u la  
(2.98) and (5.17).
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The o rig in a l analysis o f PG , w h ile  ta k in g  account o f the  spa tia l d is tr ib u tio n , 
assumed k ^ T  >  e fo r m ost pa irs. The energy d is tr ib u tio n  thus was ignored. 
F o llow ing  M o tt-C o n w e ll m odel fo r im p u r ity  conduction , P o liak  (1964) considered 
the case when the energy d is tr ib u tio n  is in co rpo ra te d  in  the analysis. A p a rt fro m  
the e x p lic it 1 /T -dependence in  the  equation
d ( r ( r ,6 ,w ) =  — d p{ r ,e )N A '^^co sh~ '^ {e /2kB T )xu j { Lv~ ^T ~^ - \ -u ; r )~ ^e^ /kB T  (5.14)
ob ta ined  by PG fo r the  co n d u c tiv ity , the tem pe ra tu re  dependence enters to  the 
c o n d u c tiv ity  in  th ree d iffe ren t ways: (a) T h ro u g h  the h yp e rb o lic  fu n c tio n , cosh” ^,
(b ) T h ro u g h  the tem pe ra tu re  dependence o f r  and (c) by the p o s s ib ility  th a t 
dp(r^e)  ( the  num ber o f pa irs o f spacing r  and energy separa tion  e) m ay also 
depend on tem pe ra tu re . T h is  is im p o rta n t on ly  fo r the  case o f l ig h t ly  com pensated 
m a te ria ls . P o liak  neglected the e x p lic it dependence o f dp on tem p e ra tu re  (w h ich  is 
supposed to  be sa tis fac to ry  at very low  tem pera tu res) and a procedure s im ila r
to  th a t used by PG has been used w h ich  makes use o f the  fact th a t r  depends
e xp o n e n tia lly  on r .  T h is  causes [u j t ( o ; t ) “ 4 ] - i  to  be a s tro n g ly  peaked fu n c tio n  
o f r .  In  th is  case, accord ing to  the tre a tm e n t o f P o liak , the  c o n d u c tiv ity  at the 
low  te m p e ra tu re  l im it  is given by
^ ( ^ )  =  y  ( f  )  (5.15)
fo r low  concen tra tio n , r p  w ith
^ =  1 - 3 / l n ( T / w )  (5.16)
and
7T^
<r(w) =  (5.17)
fo r m odera te  concen tra tio n , r n  w ith
,s = 1 - l/ln(:r/u>) (5.18)
where r „ , 7- is the r  where |o>t +  ( a i r ) - * ) “ * has a m a x im u m  and is given by (P o liak  
1964)
16.3 + 0 .5 3  ln (7 '/w ) (5.19)
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A t h igh  tem pera tu res the q uan tu m  m echanical tu n n e llin g  m odel based on 
the p a ir  a p p ro x im a tio n , shows th a t the co n d u c tiv ity  is p ro p o rtio n a l to  , w h ile  
bo th  equations ( 5.15) and (5.17) show th a t the  frequency dependence o f the 
co n d u c tiv ity  should be som ewhat m ore pronounced at very low  tem pera tu res  than 
i t  is a t h igh  tem pera tu res. The pa ram eter ranges fro m  ~  1.5 x  10~5 cm to  
1.8 X 10“ 5 cm fo r tem pera tu res  between 1 down to  0.03 K  at m agnetic  fie ld  70 
kG and frequency 10^ Hz. For the same fie ld  and in  the  same tem p e ra tu re  range it  
becomes s lig h tly  less fo r a frequency o f 10^ Hz ( ty p ic a lly  1.2 x l 0 “ 5 to  0.95 x 10“ 5 
cm ). A t low er fie lds (30 kG , say), these values become s lig h tly  h igher b u t s t i l l  in  
the  o rder o f m agn itude  o f 10“  ^ cm. The average distance between donors fo r our 
samples, r ^ ,  ranges fro m  0.9 x lO"® to  1.3 x  10~5 cm. These values are com parable 
w ith  given above. Hence the concen tra tion  o f ou r samples can be considered 
o f a m odera te  type . E q ua tion  (5.17) shows th a t fo r m oderate  concentra tions, the 
c o n d u c tiv ity  is independent o f the  m a jo r ity  concen tra tion . T h is  has a lready been 
observed by PG . A t a m agnetic  fie ld  o f 50 kG , the low er tem p e ra tu re  l im it  o f the 
c o n d u c tiv ity  o f samples 5714 and 9914 are given in  tab le  5.6.
fre q .(H z) 5714 9914
1 0 * 7.46 x lO - * 1.9 X  10“ ** 8.06 x lO “ * 1 . 2  X  1 0 “ * *
1 0 ^ 6.58 x lO -9 ---- 1.29 x lO “ * —
1 0 * 8.85 x l O - ' “ — 2.26 x lO “ 9 ----
1 1 0 9.35 x l O - i ' 2.4 X  10“ ** 5.08 x lO “ i9 7.4 X  10“ **
T a b le  5 .6 : Low  tem pe ra tu re  l im it  o f the c o n d u c tiv ity  o f samples 5714 and 9914 
a t a m agne tic  fie ld  o f 50 kG and d iffe ren t frequencies.
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These data, reveal th a t the lack o f dependence o f a  on Nj^  is m ore pronounced at 
low^er frequencies than  i t  is at h igher frequencies. As y  increases w ith  decreasing 
frequency hence one w ou ld  expect th a t the agreement im proves when the frequency 
increases g iv in g  rise to  values o f com parab le  w ith  r ^ .
In  F igu re  5.24 a com parison between the m agnetic  fie ld  dependence o f the 
low' tem p e ra tu re  l im it  c o n d u c tiv ity  o f samples 5714 and 9914 is given at frequency 
o f 1Q4 H z . F o llow ing  the same argum ent one w ould  expect th a t the  dependence o f 
c o n d u c tiv ity  on at h igh  m agnetic  fie lds should be less pronounced. T h is  is due 
to  the fact th a t the pa ram ete r has even lower values at h igh  fie lds and closely 
approaches r o -  T h is  also agrees w ith  ou r observations at h igh  fie lds. C o n tra ry  to  
the  case o f h igh  fie lds, the  dependence o f the  c o n d u c tiv ity  on N o  is m uch m ore 
p ronounced at low er values o f the m agnetic  fie ld  as becomes re la tive ly  h igher 
than  r j j  and the v a lid ity  o f equation (5.17) is in te rru p te d , (see tab le  5.7).
fre q .(H z) f . .X 5 7 1 4 ) ^ a . c .  i ^ A ^^a.c.(9914)
1 0 * 1.5 X 10-7 3.9 X  10“ ** 2 . 6  X  1 0 - * 3.7 X 10-77
1 1 0 2.24 x lO - i * 5.7 X  10“ ** 8 . 6  X  1 0 -* 1.3 X  10-7*
T a b le  5 .7 : T he  low  te m pe ra tu re  l im it  o f the  c o n d u c tiv ity  o f samples 5714 and 
9914 a t H = 3 0  kG  and tw o  frequencies.
The  frequency dependence o f the  co n d u c tiv ity , apa rt fro m  the e xp lic it 
dependence on w is also conta ined in  y, te rm  o f equation  (5.17). In  the frequency 
range 10^ —10^ Hz, the frequency dependence o f the c o n d u c tiv ity  shou ld  be
I t  is obvious th a t the  tem pe ra tu re  dependence o f the  c o n d u c tiv ity  a t low  
tem pera tu res  is due to  the  va ria tion  o f y  w ith  T.  I t  is expected then th a t the 
h opp in g  c o n d u c tiv ity  approaches a f in ite  value at very low  tem pera tu res  when 
the  s lig h t tem p e ra tu re  dependence o f on T  is neglected. The  experim en ta l 
da ta  show th a t cr(w) is indeed tem pe ra tu re  independent at low er tem pera tu res  as 
a lready seen in  F igures 5.1-5.8.
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Figure 5.24
A com parison between the m agnetic  fie ld  dependence o f the low - 
tem pe ra tu re  l im it  a.c. c o n d u c tiv ity  a{u)) o f samples 5714 and 9914 
at a frequency o f 10“* Hz.
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A com parison between the experim en ta l da ta  o f the  c o n d u c tiv ity  at H  =  
50 kG  and the theo re tica l ca lcu la tions (fro m  eq. (5 .17)) fo r sample 5714 is 
given in  F igu re  5.25 (a). I t  is obvious th a t the theo re tica l ca lcu la tions are 
considerab ly h igher than  the experim en ta l f in d in g . I t  was sta ted by PG th a t 
cr (w ) at low  tem pera tu res  is p ro p o rtio n a l to  ra th e r th a n  to  N a  as assumed
in  ca lcu la tin g  resu lts . Hence, at large values o f N a , o'meas. seems to  fa ll short 
o f o'caic.' W ith  rep lac ing  N a in  equation (5.17) a p lo t is also shown
in  F igu re  5.25 (a). S im ila rly , F igu re  5.25 (b ) shows the frequency dependence 
o f the c o n d u c tiv ity  o f sample 9914 together w ith  theo re tica l p red ic tions  from  
equation  (5.17). T h is  indeed shows th a t the theo re tica l ca lcu la tions approaches 
the expe rim en ta l observations i f  N a  is replaced by
5.3 A nalys is  o f  the  frequency and tem p era tu re  d ep en d en ces  o f  the
con d u ct iv ity  o f  n-InSb in the light o f  the E P A  theory:
The  analysis o f Sum m erfie ld  and B u tche r (1982, 1983) o f the  M A  equiva lent 
c irc u it is m o tiva ted  by the fact th a t the  effects o f ne ighb ou ring  states on the 
response o f a p a ir  has to  be accounted fo r. In  th is  section, the  ob ta ined  data, w ill 
be investiga ted  in  the lig h t o f the  recent observation  by S um m erfie ld  (1985) th a t 
the  ne tw o rk  aspects o f c o n d u c tiv ity  p rob lem  can be iso la ted  fro m  questions o f the 
hopp in g  rates. A cco rd ing  to  equations (2.113) and (2.114), S um m erfie ld  scaling 
fo rm u la  takes the fo rm
^  /  Ae^w a  \
a(0,T) ^{^(0,T)kBTj  ' • )
The  frequency dependence o f the co n d u c tiv ity , cr(w), fo r sample 5714 at 
T  =  0.6 K  is d isp layed in  F igu re  5.26 at m agnetic  fie lds from  25 kG  up to 
60 kG . S im ila r da ta  are dem onstra ted in  F igures 5.27 (a) and (b ) fo r samples 
9914 a t T  =  0.4 K  and 2015 at T  =0 .154 K . The g rad ien t d ln ( c r ) /d  ln(u; )  is a 
m o n o to n ica lly  increasing fu n c tio n  o f b o th  frequency and m agnetic  fie ld  f f .
In  F igu re  5.28, we p lo t fo r sample 5714, the  ra tio  < r (w ,F f) /< r (0 ,^ )  against 
(a ;/2 7 r)/o -(0 ,/ / )  at T = 0 .6  K . In te re s tin g ly , a ll the  da ta  po in ts  fo llow  the same 
p a tte rn  in  the  whole en tire  range o f frequencies and m agnetic  fie lds. In  o rder to
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Figure 5.25
T he  frequency dependence o f the low -tem pe ra tu re  l im i t  o f the a.c. 
c o n d u c tiv ity , a(o)), at H -  50 kG . The solid line  is the  theore tica l 
ca lcu la tio n  from  eq.(5.17). The  dashed line  is eq.(5.17) but N a is 
replaced by N'À®''. (a) Sample 5714, (b ) Sample 9914.
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Figure  5.26
T he  frequency dependence o f the  a.c. c o n d u c tiv ity , o f sample
5714 on log-log scale at tem p e ra tu re  T = 0 .6  K  and d iffe re n t m agnetic 
fie lds.
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Figure 5 .27
T he  frequency dependence o f the a.c. c o n d u c tiv ity , o-(w), o f (a) Sample 
9914 a t T = 0 .4  K , (b ) Sample 2015 at T =0 .154  K .
-  1 60  -
test the  scaling re la tio n  we p lo t in  F igu re  5.29 c r [ u j H ) / H )  versus the 
pa ram ete r x'  =  A;gTcr(0, T , FT) fo r the  same sample at T = 0 .5  and 0.6 K .
For each m agnetic  fie ld  H  the decay param ete r a  was ca lcu la ted  accord ing to  
Y K A . W ith  A  be ing the on ly  ad justab le  pa ram eter a p lo t o f the fu n c tio n  f { x f )  is 
shown as a so lid  line . The best f i t  gives a value o f 2.82 ±  0.16 fo r the  param eter 
- lo g io A . S im ila r analyses were carried ou t on sample 9914. F igu re  5.30 shows 
the v a ria tio n  o f cr(u;, T , / / )/cr(0 , T , i i / )  versus x'  in  the  tem p e ra tu re  range o f 0.2 
to  0.5 K , m agnetic  fie ld  rang ing  from  30 to  60 kG and the whole frequency range 
o f m easurem ents. One w ould  observe th a t the  da ta  indeed sca tte r closely around 
a curve given by f { x ' ) .  The  observed behaviou r seems to  be consistent w ith  the 
previous data . The  u n ive rsa lity  o f equation  (2.113) is con firm ed w ith  - lo g io A  
be ing 3.21 ±  0.22. S im ila r da ta  fo r sample 2015 are d isp layed in  F igu re  5.31 in  
the te m p e ra tu re  range o f T  =  0.154 to  0.223 K . A  value o f 2.94 ±  0.17 is deduced 
fo r the  coeffic ient -lo g io A .
The  scaling fo rm u la  has been app lied  by S um m erfie ld  (1985) to  doped 
c rys ta llin e  n-S i (P o lia k  and Geballe 1961), am orphous ge rm an ium  (Long  and 
B a lkan  1979) and po lyacetylene (S um m erfie ld  and C hroboczek 1984). Chroboczek 
et al. (1984) have analysed th e ir  da ta  on n-G aA s in  te rm s o f the  S um m erfie ld  
scaling fo rm u la , and good agreement is achieved. F u rth e r expe rim en ta l data in 
su p p o rt o f th is  scaling fo rm u la  are presented by Ba lkan et al. (1985) w ho have 
carried  o u t measurem ents on am orphous s ilicon and germ an ium . In  a recent paper 
by A b b o u d y  et al. (1988) on n -typ e  InS b, th is  scaling fo rm u la  has also been used.
The  accuracy o f the  un ified  th e o ry  constructed  by B u tche r and Sum m erfie ld  
(1981) and Sum m erfie ld  and B u tche r (1982) (SB) o f the  a.c. and d.c. co n d u c tiv ity  
o f a hopp in g  system  was established in  SB (1982) by a com parison w ith  exact 
a sym p to tic  c o n d u c tiv ity  fo rm u lae  and results o f com pu te r s im u la tions . The EPA 
theo ry  was used by SB (1983) to  analyse da ta  on a range o f phys ica l systems in  
w h ich  h opp in g  is believed to  be the  dom in a n t tra n s p o rt m echanism . Sum m erfie ld
(1985) has used d iffe ren t types o f energy dependence o f the  tra n s it io n  ra te  as 
expressed by the expression Q  in c lu d in g  those proposed by M A  and A H L . The
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param ete r u i ,  the shape o f the fu n c tio n  Q and the dens ity  o f states g{e)  define 
a m odel. T he  cha rac te ris tic  param eters o f these m odels are sum m arised in  tab le  
(5 .8). A n  e m p irica l scaling fo rm u la  o f the fo rm  (2.113) has been im p lie d  fo r a.c. 
co n d u c tiv itie s  ca lcu la ted  by the EPA fo r these m odels (S um m erfie ld  1985).
Q i ^ i , £ 2 )
C-----------------------
9{^) ("log io  A ) t; ir
c o n s ta n t= - ln [ /o ( l — /o )] 0 ris6{£) 1.91 +  Q / ln lO
A H L :/3 /2 ( | 6 1 - / 2  | -f 
\ £ 2  — 1 +  1 — £2 1)
2 constant 2.96
M A :eqns.(2 .120),(2 .122) 3 /2 Gaussian 4.79
A H L 3 /2 Gaussian 5.72
(-log ioA )ezp 3.0 ± 0 .2
T a b le  5 .8 : D e ta ils  o f the  so lu tion  o f the E PA  as given by S um m erfie ld  (1985). 
T he  last row  gives the  observed value o f the  coeffic ient - lo g io A .
F igures 5.28-5.31 show th a t the  expe rim en ta l da ta  o f the  c o n d u c tiv ity  
in  reduced un ites o -(w )/(r(0 ) p lo tte d  against the  pa ram ete r x '  o f samples under 
in ves tiga tio ns  indeed fo llow  a s im ila r behav iou r over the  frequency range o f 110 to  
10^ Hz and e ight decades o f cr(0). Each set o f da ta  c lea rly  im p lies  a single curve, 
hence a scaling law  o f the  fo rm  (5.20) is m ost lik e ly  ju s tif ie d . The average value 
o f the  coeffic ient - lo g io A  is 3. Sum m erfie ld  finds values o f -  log^g A  fro m  1.91 to  
5.72 depending on the m odel. A value o f 2.96 was ob ta ined  fo r the  A H L  m odel 
w h ich  used =  2, a. constant density  o f states and a s im p lifie d  a p p ro x im a tio n  
fo r Q{E:i^£j).  T h is  value is close to  our measured value and suggests a. constant 
dens ity  o f states in  ou r samples. T h is  agreement could be fo rtu ito u s  since the 
A H L  m odel was developed fo r hopp ing  conduction  in  zero m agnetic  fie ld . O the r 
evidence abou t the density  o f states can come fro m  the tem p e ra tu re  dependence 
o f the  d.c. c o n d u c tiv ity  c r(0 ,T ) in  a constant fie ld , w h ich  is p ro p o rtio n a l to  exp[- 
( T o /T ) ' |  in  the  variab le  range hopp ing  regim e. T h is  is the  sub jec t o f the  fo llo w in g  
section.
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5.4 T em p eratu re  and M agnetic  Field  d ep en d en ce  o f  th e  D C  resistiv ity  
o f  the n-InSb samples:
5.4.1 T em p eratu re  D ep en d en ce  o f  the  resistivity:
d.c. re s is tiv ity  measurements o f the  s tud ied  n -InS b  samples have been 
ca rried  ou t in  the  same range o f m agnetic  fie ld  as the a.c. measurem ents. F igures 
5.32-5.34 show the tem pe ra tu re  dependence o f the d.c. re s is tiv ity  at various 
m agnetic  fie lds fo r samples 5714, 9914 and 2015 respective ly. In  these graphs 
p lo ts  were made as p versus \ / T  on a sem i-log scale. A t h igh  m agnetic  fie lds the 
re s is tiv ity  shows a fa ir ly  m arked increase as the tem pe ra tu re  is lowered. As the 
fie ld  decreases, however, the  tem pe ra tu re  dependence becomes weaker. D e ta iled  
analysis on d.c. measurements by m any au thors  (see, e. g., T o ku m o to  et al. 1980 
and A b d u l-G a d e r 1984) show the absence o f a w ide range constant a c tiva tio n  
energy at such low er tem pera tu res fo r these m a te ria ls  and the c o n d u c tiv ity  is 
believed to  be o f the  V R H  type. Since ou r measurem ents are ca rried  ou t m a in ly  
at h igh  fie lds and low  tem pera tu res we w il l  discuss the behav iou r o f the  re s is tiv ity  
in  the  lig h t o f the  ex is ting  theo re tica l models suggested fo r the  V R H  regim e where 
the  re s is t iv ity  is con tro lled  by the  re la tio n  (2.69)
;o
I t  has been m entioned before th a t the exponent x depends on the  behav io u r o f the  
dens ity  o f states at the  Ferm i level as w e ll as the type  o f the  wave fu n c tio n  used. I t  
was suggested th a t fo r a constant density  o f states at the  Ferm i level [g =  go),  the 
dependence is th e o re tica lly  expected when the w avefunctions o f donors are 
represented by the H H -typ e . On the o the r hand, when the Y K A  w avefunctions 
are used to  represent the donor wave func tions , the  tem pe ra tu re  dependence is 
expected to  fo llow  the law.
In  F igu re  5.35 we p lo t p versus fo r sam ple 5714, w h ile  in  F igure
5.36 the p lo t is given fo r p versus fo r the same sample. Values o f To
deduced fro m  the  and T"^^^-dependences toge the r w ith  the  theo re tica l
ca lcu la tions  a p p ro p ria te  fo r each case at H =  60 kG  are g iven in  tab le  5.9. These
p =  p o e x p ( — j  (5.33)
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data reveal th a t the  observed and the calcu la ted values o f To are in the same 
o rder o f m agn itude , (they  are, indeed, very s im ila r). A t i7 = 5 0  kG , however, 
the  th eo re tica l values become alm ost tw ice as h igh  as the expe rim en ta l find ings. 
C a lcu la tion s  are also carried  ou t fo r low er m agnetic fie lds. D a ta  a t 30 kG  are 
g iven also in  tab le  5.9. B o th  laws seem to  be adequate to  describe the tem pe ra tu re  
dependence o f the  re s is tiv ity  o f th is  sample.
T o ( K )
H { k G ) X E xp t. T h e o ry
60 1 /4 1.0 x lO * 3.1 X 10®
11 1 /3 1.3 X 10^ 1.2 X 10^
11 2 /5 1.6 X IQ : 1.4 X 10®
11 . 1 / 2 2 . 2  X 1 0 ^ 5.7 X 10®
50 1 /4 2.8 X 10® 2.4 X 10®
11 1 /3 4.4 X 10® 9.7 X 10®
11 2 /5 6.2 X 10® 1 . 1  X 1 0 ®
11
1 / 2 2.0 X 10® 5.3 X 10®
30 1 /4 2.0 X 10® 1.3 X 10®
1 /3 3.0 X 10® 5.0 X 10®
11 2 /5 4.2 X 10® 6 . 0  X 1 0 ®
11
1 / 2 6.4 X 10 4.2 X 10®
T a b le  5 .9 : T heo re tica l and experim en ta l values o f Tq fo r sam ple 5714 in  the 
expression p { T )  =  pQ exp{To/T)"^  fo r various values o f the  exponent x at d iffe ren t 
m agnetic  fie lds.
We have also analysed the d.c. data o f sample 5714 in  the lig h t o f the 
T “ ^ /^ -iaw  described by Shklovsk ii (1982) for the case o f constant dens ity  o f states 
at the  F erm i level in  the  V R H  regim e in  presence o f s trong  m agnetic  fie ld . In  th is  
case the  theo re tica l value o f To is given by
To =  Ss
1
a ( H W (5.34)
9q
w ith  58=63 .02 , and b is equal to  A at h igh fie lds. In  F igu re  5.37 we p lo t p { H )  versus
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fo r sample 5714. The p lo ts  show th a t the  da ta  are reasonably obeyed by 
th is  law . The  best f its  give values o f Tq w h ich  varies w ith  the  m agnetic  held. The 
resu lts  o f such h t t in g  procedure as well as the  ca lcu la ted param eters at d iffe ren t 
helds are inc luded  in  tab le  5.9. A t 77=60 kG , the expe rim en ta l value is on ly  about 
th ree tim es h igher than  theo re tica l one. As the  held is lowered, however, the 
expe rim en ta l and theo re tica l ca lcu la tions are very s im ila r and o f the  same order 
o f m agn itude . One, then , cannot id e n tify  c learly  w h ich  tem p e ra tu re  dependence 
is e n tire ly  obeyed.
S im ila r analyses o f the tem pe ra tu re  dependence o f the  re s is tiv ity  o f th is  
sam ple were also carried  ou t in  the lig h t o f the  7^ - i /2  ^j ' - 3 /5  j  In­
dependences suggested fo r the case when the dens ity  o f states at the  Ferm i level 
varies as gr =  w ith  the conduction  be ing in  the V R H  region in  presence o f a
m agnetic  he ld . The  T~n/^  and dependences are no t sa tis fac to ry  and are
excluded. As fo r /^-dependence, the  expe rim en ta l observations o f To ca lcu la ted 
fro m  the  best h ts  o f s tra ig h t lines in  F igu re  5.38 toge the r w ith  the theo re tica l 
ca lcu la tions  fro m  the re la tion
a [ H ) b
-1 /3
(5.35)
are inc luded  in  tab le  5.9. A t 77=60 kG , the  th e o ry  gives a value w h ich  is a lm ost 
tw ice  h ighe r than  the expe rim en ta l one. A t low er helds, however, the  agreement 
becomes less satis facto ry . A t 77=30 kG , say, the th e o ry  p red ic ts  a value w h ich  is 
abou t one o rder o f m agn itude  h igher than  the expe rim en t.
S im ila rly , analyses have been carried  ou t o f the  tem p e ra tu re  dependence o f 
the  d.c. re s is tiv ity  o f sample 9914. The resu lts  o f expe rim en ta l and theo re tica l 
ca lcu la tions  o f Tq are sum m arized in  tab le  5.10. I t  is in te re s tin g  to  note th a t the 
T~ ^ in  and T "^/^ -dependences are also obeyed. B o th  laws give good agreement at 
a m agnetic  held o f 60 kG . A t 77=50 kG , the  theo ry  gives values (o f To) alm ost 
tw ice  h igher than  the experim en t. A t low  held o f 30 kG , the  agreem ent is good 
fo r 7 '” ^ /‘"’ -dependence, whereas, fo r the T '^ /^ -d e p e n d e n ce , th e o ry  p red ic ts  T q of 
abou t one o rde r o f m agn itude  h igher than  the  expe rim en t. Data, fo r Tq are also 
ob ta ined  fo r the  cases o f T " ^ /^  and T ~ ^ l ^  (see tab le  5.10). I t  is obvious th a t the
-  1 7 6  -
agreem ent is poor fo r the case o f
]% (K )
# ( k G ) X E xp t. T heo ry
6 0 1 / 4 6.0 x lO f 2 .1  X 10®
n 1 / 3 8 .0  X 10^ 8 .4  X 10®
2 /5 1.1 X 10^ 9 .7  X 10^
r 1/2 1 .5  X 10^ 5.7 X 10^
50 1 / 4 2 .5  X 10^ 2 .4  X 10®
1 / 3 3 .9  X 10^ 9 .4  X 10®
?i 2 /5 5 .4  X 10^ 9.1 X 10^
11 1 /2 8 .3  X 10 5.9 X 10^
30 1 / 4 6 .7  X 10^ 8.7 X 10^
n 1 / 3 2.1  X 10^ 3.4 X 10®
99 2 /5 4 .1  X 10 4 .3  X 10^
99 1 /2 9 .0 4 .2  X 10^
T a b le  5 .1 0 : T heo re tica l and expe rim en ta l values o f To fo r sampL 
expression p { T )  =  po e xp (T o /T )'^  fo r various values o f the  exponent 
m agne tic  fie lds.
The  tem pe ra tu re  dependence o f the  re s is tiv ity  o f sam ple 2015 is also 
considered. D a ta  are dem onstra ted  in  F igures 5.39-5.42 fo r the  d iffe ren t 
dependences. One indeed cannot in fe r clear conclusion fro m  these s im ple  p lo ts . 
The  resu lts  o f the ob ta ined  f i t t in g  param eters a t d iffe ren t m agne tic  fie lds are given 
in  tab le  5.11.
A t h igh  fie lds, good agreement is ob ta ined  fo r the  and
whereas, the  T “ ^/^-dependence gives To an o rde r o f m a g n itude  less than  
the  th eo re tica l ca lcu la tions. A t low er fie ld  o f 40 kG , T  T  and T  
dependences p re d ic t values o f T q on ly  an o rder o f m a gn itude  greater than  the 
expe rim en ta l observations, w h ile  p red ic ts  a value w h ich  is abou t tw o  orders
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o f m agn itude  o ff the  expe rim en ta l fin d in g .
7^ (K )
# ( k G ) X E xp t. Theo ry
60 1 /4 2 .0  X 10® 1.4 X 10®
5? 1 /3 2.9 X 10® 4.9 X 10®
11 2 /5 3.8 X 10® 8.2 X 10®
11 1 / 2 5.7 X 10 5.7 X 10®
50 1 /4 9.7 X 10^ 1.1 X 10®
11 1 /3 1 .6  X 10® 4.3 X 10®
11 2 /5 2.3 X 10® 6.4 X 10®
11 1 / 2 3.6 X 10 5.3 X 10®
40 1 /4 1.4 X 10^ 8 .2  X 10^
11 1 /3 2.7 X 10® 2.8 X 10®
11 2 /5 4.2 X 10 4.8 X 10®
11 1 / 2 7.3 4.8 X 10®
T a b le  5 .1 1 : T heo re tica l and expe rim en ta l values o f To fo r sample 2015 in  the 
expression p (T )  =  po e x p (T o /T ) “^ fo r various values o f the  exponent x a t d iffe ren t 
m agnetic  fie lds.
I t  m ay w o rth  n o tin g  th a t the  agreement between the  expe rim en ta l find ings 
and the theo re tica l ca lcu la tions deterio ra tes at low er fie lds. T h is  m ig h t be 
a ttr ib u te d  to  the  co rre la tion  effects (T o ku m o to  et al. 1982, M ansfie ld  and 
T o ku m o to  1983). I t  has been suggested th a t the  co rre la tion  effects are im p o rta n t 
fo r concen tra tions above
For fie lds ~  70 kG , th is  gives % 4 x 10^^c7n~®, th is  reduces to  ~  2 x  10^‘^ c77i~® 
fo r low er fie ld  o f abou t 30 kG . I t  m ig h t be in te re s tin g  to  investiga te  the behaviou r 
o f the  re s is tiv ity  w ith  the m agnetic  fie ld . T h is  w ill be exam ined in  the  fo llow ing
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section.
5.4 .2  M agn etic  Field  D ep en d e n c e  o f  the D C  R esist iv ity :
I t  has been discussed in  chapter 2 th a t fo r m agnetic  fie lds H  >  6Hc  where 
He is g iven by equation  (2.47), the re s is tiv ity  in  the  V R H  regim e fo r the  case o f 
constan t dens ity  o f states fo llow s the law  (2.61)
p { H )  =  poeKp  (5.37)
where
T hus , i t  is possible to  discuss the behav iou r o f the re s is tiv ity  w ith  the m agnetic 
fie ld  be ing the variab le  pa ram e te r at constant tem pe ra tu re . In  F igu re  5.43 we p lo t 
In  p ( H )  versus fo r sample 5714 at tem pera tu res  0.501 and 0.620 K .
The  resu lt o f the  f i t t in g  procedure gives a value o f abou t 4 x lOd^ eV~^ cm~^ fo r 
gQ w h ich  can be com pared w ith  the rough  e s tim a tion  o f % 10^®
eV~^ cm “ ^.
F igu re  5.44 (a) shows the v a ria tio n  o f In p { H )  versus [ H / a ^ Y ^ ^  fo r sample 
9914 at T  =  0.2, 0.4 and 0.5 K . The deduced value o f qq is abou t 5 x lO d^ e V “  ^
cm~® and the theore tica l es tim a tio n  gives 1.7 xlOd® eV~^ cm "® . F in a lly , s im ila r 
p lo t is given fo r sample 2015 at T  =  0.154 and 0.223 K  (see F igu re  5.44 (b )). 
The  observed value o f % 3 x  lOd^ eV~^ cm "® , whereas the theo re tica l value is 
~  2 X lO d ® )  e V "^  cm "® .
In  conclus ion , i t  has been shown th a t the  te m p e ra tu re  dependence o f the 
re s is tiv ity  o f the s tud ied  n -InS b  samples in  the V R H  regim e under the in fluence o f 
s trong  m agnetic  fie ld  is reasonably described by e ithe r 2""^/® o r -dependence
depending on the m agnetic  fie ld  s treng th . The  T "^ /^ -d e p e n d e n ce  is also app licab le  
in  some cases. The m agnetic  fie ld  dependence o f the  re s is t iv ity  shows a good 
agreem ent w ith  the  suggested fo r s trong  fie lds when the dens ity  o f states
at the  Ferm i level is constan t. T h is  in fo rm a tio n  toge the r w ith  the a.c. analyses
-  183  -
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Figure 5*43
The  d.c. re s is tiv ity  o f sample 5714 as a fu n c tio n  o f at tw o
d iffe ren t tem pera tu res.
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-  184  -
E
U
E
_CO
24.00
0 . 2  K
22.00
0 . 5  K
20.00
18.00
16.00
14,00
12.00
10,002.00 2.20 2.40
(H/awl 10 ’ (G / c m ) '
2.60 2.80 5.00
(b)
£
U
jO
24,00
22.00
20.00
18.00
16.00
14.00
12.00
2.60 2.70 2.80 2.90 5.00 5.10 5.202.50
(H /a«)'^  10’ (G/cm)
Figure 5.44
T he d.c. re s is tiv ity  as a fu n c tio n  o f o f (a ) Sam ple 9914 , (b )
Sam ple 2015.
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m ig h t su p p o rt the concept th a t the C ou lom b gap at the  Ferm i level p lays at best 
a m in o r role.
5.5 D ie lectr ic  C onstant in the v ic in ity  o f  M I transition:
M ost o f the theo re tica l and expe rim en ta l e ffo rts  have been confined 
by s tu d y in g  M l- tra n s it io n  from  the m e ta llic  p o in t o f v iew . T h is  has been 
done, frequen tly , by m easuring the d.c. c o n d u c tiv ity  o f m e ta llic  samples w ith  
d iffe ren t concentra tions on approach to  the c r it ic a l value at w h ich  M l- tra n s it io n  
occurs. Such m easurem ents show th a t the  M l- tra n s it io n  occurs at a p a rtic u la r 
concen tra tion  depending on the m a te ria l under in ves tiga tio n . In  some o the r cases, 
a m agne tic  fie ld  is em ployed w h ile  the concen tra tion  is kept constan t. In  th is  case, 
the  tra n s it io n  is observed at a p a r t ic u la r  fie ld  depending on the  concen tra tion  o f 
im p u r it ie s  (see e.g. M ansfie ld  et al. 1985, A b d u l-G a d e r et al. 1987).
Rosenbaum  et al. (1980) found  th a t the  ze ro -tem pera tu re  l im i t  o f the  d.c. 
c o n d u c tiv ity , (To, o f uncom pensated Si scales accord ing to
(Tq =  const. ^ - 1
Un
(5.39)
where Uc is the  c r it ic a l concen tra tion  at w h ich  M l- t ra n s it io n  occurs. The 
pa ram ete r u 0.6. On the o the r hand, Thom as et al. (1982) have carried  ou t 
m easurem ents on Ge as a fu n c tio n  o f com pensation ra tio  K  and concen tra tion . 
T hey  found  th a t the  pa ram ete r v  is increasing fro m  0.6 to  abou t 1 as is increased 
fro m  K  % 0 to  0.4. In  ano the r w ork on uncom pensated Si, N ew m an and 
H o lcom b (1983) have found  th a t v =  0.64.
T u n in g  th rough  the M l- tra n s it io n  has also been achieved by a p p ly in g  a 
u n ia x ia l stress S (see Paalanen et al. 1982). Paalanen et al. have pe rfo rm ed th e ir  
m easurem ents on uncom pensated Si at m i l l ike lv in  tem pera tu res  down to  abou t 3 
m K , and they  found  th a t (Tq obeys the re la tio n
(To oc ^ 5  -  S c j  (5.40)
w ith  V 0.5, where Sc is a c r it ic a l value o f stress S. In  a recent w o rk , M ansfie ld  
et al. (1985) (see also A b d u l-G a d e r et al. 1987) have s tud ied  the behav io u r o f ctq
-  1 8 6  -
fo r com pensated n -InS b  as a fu n c tio n  o f a m agnetic  fie ld . These au thors found 
th a t the  exponent v  = 1 .12 .
A n o th e r approach to  s tudy the M l- tra n s it io n  is to  in ve rt the usual 
t ra d it io n a l technique o f approach ing the M l- tra n s it io n  fro m  the m e ta llic  side. 
Ins tead , one can approach the M l- t ra n s it io n  fro m  the  in s u la to r side, a technique 
know n as in su la to r-m e ta l tra n s it io n  ( IM ) .  T h is , indeed, can be perfo rm ed by 
s tu d y in g  the va ria tio n  o f the d ie lec tric  constant as a fu n c tio n  o f concen tra tion  
o r m agnetic  fie ld . One o f the  prob lem s w h ich  received a lo t o f inves tiga tions  is the 
type  o f tra n s it io n . I t  is genera lly accepted th a t the  tra n s it io n  is a sm ooth  ra th e r 
than  sharp tra n s it io n . The  sm ooth  van ish ing  o f an a c tiva tio n  energy 63 as the 
c r it ic a l concen tra tion  is approached is evidence o f the  sm ooth  tra n s it io n .
A sem iconducto r w ith  a very sm all im p u r ity  content has a d ie lec tric  
constan t cha rac te ris tic  o f the pure  c rys ta l. A n  increase in  the  im p u r ity  
concen tra tio n  causes a change in  the d ie lec tric  constan t. The s tudy  given by 
C astner et al. (1975) on doped Si shows th a t a large increase in  the  d ie lec tric  
constan t occurs as is approached and th is  is considered as fu r th e r  evidence o f 
a sm ooth  tra n s it io n . As observed by C astner et al (1975), the  hopp in g  c o n tr ib u tio n  
to  c o n d u c tiv ity  becomes very large as N^.  T h is  c o n tr ib u tio n  can be
rem oved by w o rk in g  at very low  tem pera tures.
In  the present section we w ill be concerned w ith  the  v a ria tio n  o f the  re la tive  
d ie le c tric  constan t (w h ich  is ca lcu la ted  fro m  the measured capacitance) w ith  the 
frequency and m agnetic  fie ld . One o f the  prob lem s w h ich  is o f in te res t is the 
m agne tic  fie ld  dependence o f the  d ie lec tric  constant at very low  tem pera tu res . 
M easurem ents o f the  capacitive  p a rt o f n -InS b  samples were ca rried  ou t in  the 
same range o f m agnetic  fie lds as described earlie r. The  va ria tio n  o f the capacitance 
w ith  tem p e ra tu re , frequency and m agnetic  fie ld  is shown in  F igures 5.45-5.54 fo r 
the  three samples. One can d is tin g u ish  three d iffe ren t regions;
(1 ) A t very low  tem pera tu res , a tem pera tu re -in dependen t behav iou r is 
observed.
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(2) There  fo llow s a g radua l increase as the te m pe ra tu re  is increased, and the 
capacitance becomes tem pe ra tu re  dependent.
(3) A t h igh  tem pera tu res , a sharp increase in  the capacitance is observed. A t 
h igh enough tem pera tu res , depending on the m agnetic  fie ld , the  capacitance 
seems to  decrease as the  tem pe ra tu re  is fu r th e r  increased. T h is  can be seen 
c lea rly  in  F igures 5.48-5.54.
In  w ha t fo llow s the m agnetic  fie ld  dependence o f the  re la tive  d ie lec tric  
constan t w h ich  is ca lcu la ted fro m  the capacitive  p a rt w il l be discussed. 
Section 5.5.2 discuss the frequency and the tem p e ra tu re  dependence o f the 
d ie le c tric  constant.
5.5.1 M agn etic  F ield  D ep en d e n c e  o f  the  d ielectric  con stant in the  
vic in ity  o f  IM -transition:
In  o rder to  analyse the da ta , the capacitance, Co, due to  the host c rys ta l is 
sub trac ted  fro m  the the measured values. The  re la tive  d ie lec tric  constant due to  
donors, e, is ca lcu la ted  fro m  the re la tio n
 ^ — j C  donors (5.41 )
Coo
where I  and d are the  th ickness and area o f the  capac ito r respective ly  and Cq is the 
free space d ie le c tric  constant =  8.85 x l O “ ^^ F a ra d /m e te r. The  lowest tem pe ra tu re  
values o f the  observed d ie lec tric  constant are ob ta ined  at d iffe ren t frequencies and 
m agne tic  fie lds. These values are p lo tte d  in  F igures 5.55-5.57 as a fu n c tio n  o f the 
m agne tic  fie ld  H  fo r the  three samples respectively. The  m a in  feature  o f these 
graphs is the  tendency o f the  d ie lec tric  constant to  d iverge as the fie ld  is reduced 
tow ards the c r it ic a l value Her-
C apizz i et al. (1980) (see also B h a tt 1984) have ca rried  ou t m easurem ents 
on S i:P  as a fu n c tio n  o f concen tra tion  and they  have observed an enhancem ent in  
e as TVjd increases. These au tho rs have discussed th e ir  resu lts  in  te rm s o f a scaling
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Figure 5.46
The  capacitance o f sample 5714 as a fu n c tio n  o f tem p e ra tu re  T on a 
sem i-log scale a t m agnetic  fie lds (a) H =50 kG and (b ) H =  45 kG .
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Figure 5.47
The  capacitance o f sam ple 5714 as a fu n c tio n  o f log T  a t H =  30 kG.
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Figure 5.48
T he  capacitance o f sam ple 5714 as a fu n c tio n  o f log T  at (a) H =  25 
kG , (b ) H =  20 kC .
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Figure 5.49
T he  capacitance o f sample 9914 as a fu n c tio n  o f log T  at a m agnetic 
fie ld  H =  55 kG .
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The  capacitance o f sam ple 9914 as a fu n c tio n  o f T at a m agnetic  fie ld 
o f 50 kG .
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Figure 5.51
The  capacitance o f sample 9914  as a fu n c tio n  o f T  at a m agnetic  fie ld  
o f (a) H =  45 kG , (b )  H =  40 kG .
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Figure 5.52
T he  capacitance o f sample 2015 as a fu n c tio n  o f T  at a m agne tic  fie ld  
H =  65 kG .
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Figure 5.53
The capacitance o f sample 2015 as a fu n c tio n  o f T  a t a m agnetic  fie ld 
H =  55 kG .
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The  re la tive  d ie lec tric  constant o f sam ple 9914 (ob ta ined  from  the 
lowest tem p e ra tu re  l im it  o f the capacitance) as a fu n c tio n  o f the 
m agnetic  fie ld  H.
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T he  re la tive  d ie lec tric  constant o f sam ple 2015 (ob ta ined  from  the 
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m agnetic  fie ld  H.
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theo ry  o f the  fo rm
where Cc is a constan t and i '^ is found by these au thors  to  be a round 1.09, which 
is a lm ost tw ice  the classical pe rco la tion  p re d ic tio n  (A b raham s et al. 1975). In  
ano the r expe rim en t by Hess et a. (1982) on Si:P a s im ila r behav iou r is observed 
w ith  the exponent 1^ '=  1.15. In  a m ore recent w o rk  by B rooks et al. (1987) on 
S i:As, I/' was found  to  be 1.18. For the m agne tica lly  induced IM - tra n s it io n , the 
scaling fo rm u la  m ig h t take the fo rm
e =  (5.43)
where Uc =  (a ||a ^ )^ /^  at the  c r it ic a l fie ld  w h ich  induces the IM - tra n s it io n . The 
choice o f the  fo rm  (5.43) is m o tiva te d  by the fact th a t decreasing the  m agnetic  fie ld  
resembles increasing  the donor concen tra tion . In  the  present w o rk , the  d ie lec tric  
constan t e is s t i l l  frequency-dependent even at the  lowest te m p e ra tu re  achieved 
where i t  becomes tem pera tu re -independen t. To f in d  ou t a value fo r the  exponent 
I / ' , we p lo t in  F igu re  5.58 log e versus log (a^ /a ,||a^ — 1) fo r sam ple 5714 at frequency 
10^ Hz. T h is  leads to  a value o f the  exponent ly' =  0.6. S im ila r analysis were 
ca rried  o u t on samples 9914 and 2015.In  F igu re  5.59, we p lo t e against a\ \a±^/  
fo r sam ple 9914. The  pa ram ete r u' =  1.4 fo r th is  sample. For sample 2015, da ta  are 
dem onstra ted  in  F igu re  5.60 and ly' — 1.6. These values o f ly’ are som ewhat h igher 
th a n  th e o re tica l p red ic tions  b u t com parab le  w ith  o the r expe rim en ta l observations 
ob ta ine d  fo r n-S i by ano the r m ethod  (Hess et al. 1982) and n-G e (Ionov  et al. 
1983).
T here fo re , the  scaling fo rm u la  (5.43) seems to  be app licab le  w ith  the 
exponent i/ ' be ing h igher th a n  the theo re tica l p re d ic tio n . T h is  m ig h t suggest th a t 
the  d ie le c tric  constan t diverges w ith  a c r it ic a l exponent w h ich  could be re la ted 
to  the  divergence o f the  lo ca lisa tio n  leng th  as the IM - tra n s it io n  is approached 
fro m  the  in s u la to r side. I t  is in te re s tin g  to  note th a t no com m on value o f ly' can 
be in fe rred  fro m  the  m easurem ents, an increase in  the dop ing  level resu lts  in  an 
increase in  ly'. However m easurem ents at low er fie lds close to  the  c r it ic a l value and
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Figure 5.59
The relative dielectric constant o f sample 9914 as a function o f the parameter 
at frequency 10^ Hz. The solid line is eq. (5.43) w ith  vi — 1.4.
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Figure 5.60
The relative dielectric constant of sample 2014 as a function of the parameter [a\\a\la?£ 
at frequency of 10^ Hz. The solid line is eq. (5.43) w ith  uf=  1.6.
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at very low  tem pe ra tu re  should be made in  o rder to  deduce m ore re liab le  values 
o f the  exponent i/ '.
5.5.2 Frequency and tem p era tu re  d ep en d en ce  o f  th e  dielectric  
constant:
F igu re  5.61 (a) and (b ) illu s tra te s  the frequency dependence o f the 
capacitance [ C  — Cq) versus the frequency w/27r on log-log  scale fo r samples 5714 
and 9914 respective ly. D a ta  given here represent the  lo w -te m p e ra tu re  l im it  o f the 
capacitance at d iffe ren t fie lds. I t  is obvious th a t the  capacitance (w h ich  is re la ted 
to  the  d ie lec tric  constant v ia  a geom etrica l fa c to r) does no t re a lly  become fla t 
even at these lowest tem pera tu re . T h is  F igu re  shows th a t qu ite  s tra ig h t lines are 
observed w ith  a slope o f abou t -0.06. T h is  gives s' =  0.94 ±  0.08. For sample 
2015 the deduced value o f s' is 0.9 ±  0.1. These values can be considered in  a 
reasonable agreement (w ith in  the  expe rim en ta l e rro r) w ith  th a t ( 5 ) ob ta ined  from  
the  real p a rt measurem ents.
T he va ria tions  o f the  capacitance o f sample 5714 w ith  the  frequency at 
d iffe ren t tem pera tu res  and m agnetic  fie lds 60, 40 and 50 kG , are d isplayed in  
F igures 5.62 (a ), (b ) and 5.63 respectively. T he  ra p id  decrease in  the  capacitance 
(w h ich  is indeed re la ted to  e(w, T ) )  as the tem p e ra tu re  is lowered is due to  a s trong  
re d u c tio n  in  the hopp ing  c o n d u c tiv ity  c o n tr ib u tio n  to  the d ie lec tric  constan t and 
is ve ry  s im ila r  to  ea rlie r resu lts in  n -typ e  Si and Ge samples, (see C astner et al. 
1980). S im ila r behav iou r is observed fo r the  o the r samples, (see F ig u re  5.64 (a) 
and (b )).
A  com parison between the v a ria tio n  o f the  d ie le c tric  constan t w ith  
frequency, (a t H =  50 kG and T  =  0.5 K ) , fo r samples 5714 and 9914 is shown 
in  F igu re  5.65 (a). I t  is obvious th a t the  frequency dependence o f the  d ie lec tric  
constan t o f sample 9914 is m uch stronger th a n  th a t o f sam ple 5714 and th is  is 
consistent w ith  the fact th a t the  donor concen tra tion  o f sam ple 9914 is h igher 
than  th a t o f sam ple 5714. F igu re  5.65 (b ) compares the  te m p e ra tu re  dependence 
o f the d ie le c tric  constan t o f these samples a t 10'^ Hz and 50 kG . The  h ig h -p u r ity
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Figure 5.61
The frequency dependence o f the  lo w -te m p e ra tu re  l im i t  o f the 
capacitance (C -  Co) at d iffe ren t m agnetic  fie lds fo r (a ) Sam ple 5714 
and (b ) Sam ple 9914.
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sam ple shows weaker tem pe ra tu re  dependence w h ile  the va ria tio n  is very sharp 
fo r sam ple 9914. Nevertheless, b o th  samples show no tem p e ra tu re  dependence at 
very low  tem pera tu res . However, fo r the  m ore doped sam ple, a low er tem pe ra tu re  
is requ ired  to  achieve the tem pera tu re -independen t d ie lec tric  constan t. A lso, i t  
shou ld  be po in ted  ou t th a t as the m agnetic  fie ld  is reduced tow ards the  c r it ic a l 
value, s t i l l  low er te m p e ra tu re  is necessary to  o b ta in  an a sym p to tic  value o f e.
In  conclus ion , the  frequency-dependence o f the  d ie lec tric  constan t at the 
lowest tem p e ra tu re , where tem pera tu re -independen t behav iou r is observed, yie lds 
a value o f the  exponent s' w h ich  is, w ith in  the expe rim en ta l e rro r, close to  th a t 
ob ta ined  fro m  the real p a rt o f the  co n d u c tiv ity . The tem perature-dependence 
o f the d ie lec tric  constant is consistent w ith  the  expected behav iou r fo r d iffe ren t 
concentra tions.
:a)
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Figure  5.62
The frequency dependence o f the  capacitance (C -  C,,) o f sample 5714 
at m agnetic  fie lds (a) H =  60 kG and (b ) H -  40 kG .
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Figure 5.63
The frequency dependence o f the the capacitance (C -  C,,) o f sample 
5714 at a m agnetic  fie ld  o f 50 kG and at d iffe ren t tem pera tu res .
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T h e  frequency  dependence o f the  capac itan ce  (C -  C„) o f sam p le  9914 
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(a ) A com parison between the frequency dependence o f the  re la tive  
d ie lec tric  constan t o f samples 5714 and 9914 at T =  0.5 K  and H -  
50 kG . (b ) A com parison between the  tem p e ra tu re  dependence o f the 
re la tive  d ie lec tric  constant o f samples 5714 and 9914 a t a m agnetic 
fie ld  H =  50 kG  and frequency lO'* Hz.
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C H A P T E R  6 
Conclusions
In  the  n -typ e  In P  samples investiga ted  in  the  present w o rk , an exponentia l 
increase in  the d.c. re s is tiv ity  is observed as the tem p e ra tu re  is lowered (down 
to  abou t 5 K ) . A t these tem pera tu res , the  donor ions are then  de-ionized. B o th  
the H a ll coeffic ient and re s is tiv ity  m easurem ents in  th is  range in d ica te  th a t the 
conduc tion  band becomes progressively depopula ted and th a t there exists an 
a c tiva tio n  energy ej w h ich increases as the m agnetic  fie ld  H  increases. There fore , 
the  re d u c tio n  o f the  c o n d u c tiv ity  (o r the  increase in  the  re s is tiv ity )  as the 
te m p e ra tu re  is lowered is a ttr ib u te d , as no rm a l, to  the  freeze-out o f electrons fro m  
the conduction  band to  donor sites. T h is  freeze-out is fo llow ed by a s itu a tio n  in  
w h ich  the  conduction  is due to  hopp ing  m echanism s where e lectrons hop between 
im p u r ity  centres w ith o u t being excited to  the  conduc tion  band. In  in te rp re tin g  the 
te m p e ra tu re  dependence o f the re s is tiv ity  i t  has been shown th a t the  separation  o f 
the  expression fo r the  re s is tiv ity  in to  an exponen tia l te m p e ra tu re  dependent and 
a te m p e ra tu re  independent p re -exponen tia l te rm  is no t qu ite  sa tis facto ry . In  the 
nearest ne ighbou r hopp ing  regim e, i t  is necessary to  p lo t ln ( p /T )  against T~^  and 
th is  gives values o f the a c tiva tio n  energy 63 la rge r th a n  those deduced from  the 
tra d it io n a l Inp  against T~^  p lo ts . The  a c tiva tio n  energy 63 decreases as the ca rrie r 
concen tra tio n  increases though  th is  is no t p red ic ted  by the  theory. In  the  variab le  
range hopp in g  reg ion, values o f T q deduced fro m  p lo ts  where the  tem pe ra tu re  
dependence o f the  p re -exponen tia l te rm  is considered are also h igher th a n  i f  the 
tem p e ra tu re  dependence is ignored. In  th is  reg ion, one has to  p lo t In 
versus fo r a constan t dens ity  o f states at the  Ferm i level o r In ( p / T )  versus
fo r an a rb itra ry  dependence o f the  dens ity  o f states on the  energy. The 
re s is t iv ity  has been ca lcu la ted  over bo th  regions, (nearest ne ighb ou r and variab le  
range hopp in g  regim es) assum ing an enhanced d ie lec tric  constan t hav ing  a value 
w h ich  is necessary to  reduce 63 to  its  measured value. W ith  no o th e r ad jus tab le  
param eters used in  the ca lcu la tions, the  agreement between the experim en t and
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theo ry  is good in  the  nearest ne ighbour hopp ing  region. In  the  variab le  range 
hopp ing  reg ion, the  resu lts  are m ore consistent w ith  the dependence than  the
one, and the agreem ent between experim en ta l and th eo re tica l ca lcu la tions 
using the same enhanced d ie lec tric  constant is sa tis facto ry .
The  concen tra tion  dependence o f the  re s is tiv ity  in  the  nearest ne ighbour 
hopp ing  regim e showed th a t the  pa ram ete r Qi should be de te rm ined  fro m  the In 
{ p / T )  versus T~^  p lo ts . The discrepancy between the expe rim en ta l f in d in g  and 
the  th e o re tica l value suggested by the  pe rco la tion  th e o ry  m ig h t also be re la ted  to  
enhancem ent in  the d ie lec tric  constant due to  the im p u r ity  centres.
The presence o f m agnetic  fie ld  compresses the  wave func tions  o f the 
e lectrons located at im p u r ity  centres and th is  reduces the  p ro b a b ility  o f e lectron 
ju m p s  between these centres. As a resu lt, the  m agnetic  fie ld  produces a 
p os itive  m agnetoresistance. O bservations o f such pos itive  m agnetoresistance are in  
agreem ent w ith  the  theo ry  p u t fo rw a rd  by S hk lovsk ii. The th e o ry  p red ic ts  th a t the 
m agnetic  fie ld  dependence o f the re s is tiv ity  is o f the  fo rm  where m  depends
on the  s treng th  o f the  fie ld . In  the nearest ne ighbou r hopp in g  reg ion, an 
dependence suggested fo r the weak fie ld  case is observed. Values o f the  num erica l 
coeffic ient t  were found  to  be in  a reasonable agreement w ith  the  theo re tica l 
find ings . In  th is  case, one also has to  use values deduced fro m  l n { p / T )  versus T~^  
p lo ts . I t  is also found  th a t the  an iso tropy  in  the m agnetoresistance is p ro p o rtio n a l 
to  and is in  good agreement w ith  theory. I t  is in te re s tin g  to  observe th a t the 
a c tiva tio n  energy 63 increases as the m agnetic  fie ld  increases.
In  the  weak fie ld  variab le  range hopp ing  reg ion, the  re s is tiv ity  ra tio  
{ p { H ) l p { 0 ) )  in  a constant m agnetic  fie ld  varies e xp o n e n tia lly  as w hich
is, indeed, a p p ro p ria te  fo r a constant dens ity  o f states at the  Ferm i level. The 
same ra tio  varies as as also p red ic ted  by the theory. Values o f the  num erica l 
coeffic ien t o f the  te rm  ob ta ined  fro m  the expe rim en ta l da ta  range
between 0.0044 to  0.0078, whereas theo ry  gives ==0.0025. The  d iscrepancy 
between expe rim en t and theo ry  is a t tr ib u te d  to  u n ce rta in ty  in  the  value o f Tq w hich 
is d if f ic u lt  to  de te rm ine  accura te ly  and w h ich  m ig h t be m agnetic  fie ld  dependent.
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T he a.c. m easurem ents carried out on the  n -InS b  samples in  presence o f 
a m agnetic  fie ld  showed also freeze-out o f electrons fro m  the  conduc tion  band to  
donor sites at h igh tem pera tu res . T h is  is the  w ell know n m agnetic  freeze-out 
observed in  these m a te ria ls . In  th is  reg ion, the  real p a rt o f the  low  frequency 
c o n d u c tiv ity  coincides w ith  the  d.c. l im it .  As the tem p e ra tu re  is reduced, the 
d.c. c o n d u c tiv ity  becomes orders o f m agn itudes sm alle r than  the  a.c. one in 
the  hopp in g  reg ion. T w o  regions are d is tingu ished ; a tem pera tu re -dependen t (a t 
in te rm e d ia te  tem pera tu res) and a tem pera tu re -independen t c o n d u c tiv ity  at lower 
tem pera tu res . The  tem pe ra tu re  dependence o f the  rea l p a rt o f the  co n d u c tiv ity , 
at the  in te rm e d ia te  range o f tem pe ra tu re , is s tronger th a n  the  lin e a r behav iou r 
p red ic ted  by the p a ir  a p p ro x im a tio n  theory. On the o the r hand, the  frequency 
dependence o f a  fo llow s the re la tio n  a  The  exponent s is tem pe ra tu re
dependent. I t ,  indeed, decreases as the  tem p e ra tu re  is increased and takes values 
even low er than  (0.8) th a t suggested by the  s im ple  p a ir  a p p ro x im a tio n . T h is  
te m p e ra tu re  dependence o f s is no t p red ic ted  by the  theory. The  observed da ta  are 
in te rp re te d  in  te rm s o f m u lt ip le  hopp ing . In  th is  case, the  tem p e ra tu re  dependence 
o f the  c o n d u c tiv ity  is assumed to  vary  as . The  exponent d was ca lcu la ted as 
the best f i t  o f In  (r(w) against In  T  and was found  to  be g reater th a n  u n ity . Its  
value depends on the  p a r t ic u la r  frequency. Values deduced fro m  low  frequency 
behav io u r are g reater th a n  those ob ta ined  at h ighe r frequencies as expected since 
m u lt ip le  hopp in g  becomes m ore im p o rta n t at low er frequencies. T he  va ria tio n  
o f the  exponent s w ith  tem p e ra tu re  is also in te rp re te d  in  te rm s o f the  m u ltip le  
hopp in g  m echanism .
In  th is  tem p e ra tu re  range, the  a.c. c o n d u c tiv ity  was found  to  scale 
w ith  the  d.c. l im i t  accord ing to  the scaling fo rm u la  o f S um m erfie ld  (1985); 
<t(ü;, hr, T ) / ( t ( 0 , / f ,  T )  =  / (A e ^ w o /( r (0 ,  hf, T )A ;gT ). D a ta  were found  to  fo llow  the 
same p a tte rn  over a w ide range o f m agnetic  fie lds, tem pera tu res  and frequencies. 
W ith  the  coeffic ient A  be ing the  on ly  ad jus tab le  pa ram e te r a good f i t  is obta ined 
fo r the  th ree  samples. The  observed values o f the  coeffic ient A  are in  the range o f 
2.8 to  3.2. These values are close to  th a t ca lcu la ted  bv S um m erfie ld  fo r the case
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o f constan t dens ity  o f states at the Ferm i level.
A t very low  tem pera tu res depending on the  m agnetic  fie ld , a tem pera tu re  
independen t a.c. c o n d u c tiv ity  is observed. T h is  is no t p red ic ted  by a s im ple p a ir 
a p p ro x im a tio n  theory. A cco rd ing  to  E fros (1981), th is  tem p e ra tu re  independent 
c o n d u c tiv ity  arises when co rre la tion  effects become im p o r ta n t at very low 
tem pera tu res . Values o f the exponent s were som ewhat h ighe r th a n  E fros ’s 
p re d ic tio n . The  P o liak  fo rm u la  fo r a m oderate  concen tra tion  can be used to  
discuss these da ta , b u t one has to  replace by (P o lia k  and G eballe 1961).
In  the  variab le  range hopp ing  regim e, the d.c. re s is tiv ity  behav iou r w ith  
te m p e ra tu re  a n d /o r  m agnetic  fie ld  cannot be represented solely by one com m on 
exponen tia l dependence. D iffe ren t theo re tica l approaches have been developed to  
account fo r th is . I t  was found  th a t the  d.c. re s is tiv ity  o f the  n -InS b  samples can 
be in te rp re te d  reasonably in  te rm s o f o r dependences. A na lys is  o f the
da ta  in  the  lig h t o f S h k lo vsk ii’s find ings  th a t the  re s is tiv ity  m ay fo llow  in
a m agnetic  fie ld  fo r a constant dens ity  o f states a t the  Ferm i level o r when
g{e)  is p a rabo lic  fu n c tio n  o f energy showed th a t dependence is reasonably
obeyed a t low er fie lds th a n  the  law .
In ve s tig a tio n  o f the  m agnetic  fie ld  dependence o f the  d.c. re s is tiv ity  o f these 
samples showed th a t the  [ H dependence, a p p ro p ria te  fo r s trong  fie lds is 
obeyed. Values o f qq ca lcu la ted by th is  way were found  to  be abou t one o rder 
o f m a g n itude  less than  the theo re tica l ca lcu la tions fro m  S h k lo vsk ii’s e s tim a tion  
(1973).
C apacitance m easurem ents o f the  n -InS b  samples showed th a t a sharp 
decrease in  the  capacitance is observed at h ighe r tem pera tu res . There  fo llow s 
a g radua l decrease as the tem pe ra tu re  is reduced. A t very low  tem pera tu res , 
however, a tem pera tu re -independen t behav iou r is observed. A  scaling fo rm u la  
o f the  fo rm  e =  t c { a \ / [ a \ \ a \ )  — 1)~*" is used to  describe the  change in  the 
d ie lec tric  constan t (deduced fro m  the tem pe ra tu re  independen t behav io u r o f the 
capacitance) w ith  the m agnetic  fie ld . The  choice o f th is  fo rm  is m o tiva te d  by the 
fac t decreasing the  m agnetic  fie ld  resembles increasing  the  donor concen tra tion .
-  216 -
T h is  fo rm u la is  indeed s im ila r to  th a t used by C apizz i et al. (1980) and Hess et al. 
(1982) who have carried  ou t m easurem ents on Si:P w ith  d iffe ren t concentra tions. 
No com m on value o f the exponent u'  is ob ta ined , ins tead , values in  the range o f 0.6 
to  1.6 are observed fo r the h ighest frequency used in  the present m easurem ents. 
M ore  accurate expe rim en ta l techniques to  o b ta in  accurate values w ou ld  im prove  
ou r unde rs ta n d in g  o f the  IM - tra n s it io n  and re la ted  phenom ena.
The  v a ria tio n  o f the  re la tive  d ie lec tric  constant w ith  the  frequency at 
d iffe ren t tem pera tu res  and m agnetic  fie lds showed th a t a ra p id  decrease in  e(w, T )  
as the tem p e ra tu re  is lowered and th is  is a ttr ib u te d  to  a s trong  reduc tion  in  the 
hopp in g  c o n d u c tiv ity  c o n tr ib u tio n  to  the  d ie lec tric  constant and is very s im ila r 
to  ea rlie r w ork on o the r systems such as Si and Ge (C astner et al. 1980). 
D a ta  also showed th a t the  frequency dependence o f e is indeed concen tra tion  
dependent. The  dependence is m uch stronger fo r h igher concen tra tion . A  
com parison between the tem pe ra tu re  dependence o f e at a fixed  fie ld  and 
frequency fo r d iffe ren t concentra tions showed th a t the  h ig h -p u r ity  sample shows a 
weaker te m p e ra tu re  dependence th a n  the m ore doped samples. Nevertheless, no 
te m p e ra tu re  dependence is observed at low er tem pera tu res .
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